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INTRODUCTION

This report describes an experiment on smzall, shallow-buried arches of sheet stes!
tesied in Operation Snowbail unler Pruject 3.4 and correiates the resuils with 4 previously
derived theory. The prime objective of the work was to check the adequacy of the thecry in
predicting body motions. Secondary objectives were ioc measure shock input and shell responss

Tr~ nvestigation was cownrained #1G: ol.oilos sysrerss gr thy lype soown io FIRW @ 4,
which constitutes the Navy's standard personnel shelter. The praject was sponsored by the
Defense Atomic Support Agency through the Bureau of Yards and Docks.

foll-Structure interaction research has been conducted at .he Naval Civil Engineering
Laboratory (NCEL)} over the past several vears in an effort to gain information which will
provide guides in the design of underground siructures. Most of this work, due to the
Himitations of available equipment, has been on systems subjected to plane-wave loading.
Nuclear explosions produce a traveling-wave loading. Such loading may evoke quite & difieremt
response in some modss of behavior, including the body motions.

Figure i. Navy siandard sheiter.
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Acquiring ae understanding and & meana of analyring the body motion eventually will
permit the achievement of an optimum design where the mation is sufficient to develop arching
in the covering soil and yet 1s amall enough to Insure against ; ipturing water seals or
demaging equipment and personnel. Obtaining dats on the shell behavior will permit an
evaiuation of the influence of the traveling wave in inducing antisymmetrical mode response.

In addition, there ia a need for shock-input data to permit the design of proper isolators for
equipment and personnel and to detar mine when such 1Bolators are required. The shock input
data, however, is not expected to scale to prototype aituations glthough it should provide an
idea of the character of the shock input function.

Data fron: the Operation Plumbbob structures 3.2 gshowed that the blastward foctings
deilected considerabiy more ti »n the leeward footings. 1 Thus, it appears that a buried arch
may undergn both rotational and translational body miotions. Subsequent experiments In the
NCEL blast simmlator have shown that the translational body motion of a buried arch is iikely
to be the dominant mode of response under both static and plane wave blast joading. %5 These
tests also showed that considerable arching iz developed in the soll bridge over the structure.
. Similar tests on buried cylinders (where the deflection of the structure with respect to the soil
' field was small) showed, by contrast, that very little arching was developed. From the tests
in the blast simulater, it became evident that the percentage of surface ioad transmitted to a
buried arch {s a function of the footing width. Wide footings reduce the body motion but result
in relatively large interface pressures. Narrow footings permit an arch to punch into the soil,
thus enabling a large portion of the surfzce load to be transmitted through the soil bridge
across the structure.

Under static loads, arching provides considerable added cupacity; however, under
dynamic loads there remains a question as to whether or not permitting appreciable relative
deflections between the structuz 2 and the surrounding soil is desiratle. No doubt the shear
forces, terred arching, are developed if sufficiently large relative displacemeits occur.
Unfortunate.;, these same motions permit the soll over the arch to achieve a momentum, and
subsequent dissipation of the momentum loads the atructure.

Based on these observations, a theory was developed {or estimating the magnitude of
relative deflection necessary to develop the maximum possible arching and to approximate the
maximum percentage of the surface loading which could be carried by arching for a given depth
of soll cover. A more elaborate theory of arching for a trapdoor system has been completed,
based on the assumption that the sol] fleld acts as an elastic material in compression but 18 not
capable of resisting tensile stress.* The latter work provides curves which show the influence
of the various parameters involved.

The tiapdoor system is analogous to the buried arch if the span of the structure is taken
as the width of the trapdoor and the arch deflection relative to the adjacent soil is taken as the
displacement of the trapdoor. The buried arch problem represents the greater difficulty
because of the ‘ootings which influence deflection.

Footing behavior is in itself a perplexing probiem. Only recent.y has an explanation been
offered for surface foctings on granular soil reconcliling what was previously thought to be
conflicting data.5 This work Ulustrates that:
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...\, onthe surface of a dense sard, a dynamically loaded focting is forced into
the sand very rapidly, it will fail in the punching shear mode. a slow rate of
settlement of the same footing will cause it to fail in the general shear mode. The
peak dynamic load carried by the {ooting subjected {o rapid settiements may be
three times the siatic bearing capacity of the footing, while siow settlements may
result in peak dynamic loads of about 1.0 to 1.3 times the static bearing capacity
of the same footing.

Even with this step forward tn understanding, paradoxes ramain. Dynamic footing tests with
surcharge preuurc° do not appear to behave the same 2s the footings of buried arches.
Further, for burled etructures, arching and footing effects are interdependent, thus
complicating interpretation of behavior,

In an effort to account for arching and footing action, a theory has been derived for
predicting the body motions of & shallow-buried arch. This theory served as the hypornesia for
the Project 3.4 experiment. Field tests were chosern as 8 mezana i checking the theory rather
than atiempting to get the required data in & shock tube or similar facility for several reasons



the main ones being: (1) to nbtain reliable results, it was desirable tc use a larger model
than could be accommodated in any existing shock tube, and {2) fieid testl g reduces adverse
boundary effécts inhexent in soil test bins-

Model studies and testing experience led the authors io believe thal srches w.th & mindmum
span of about 30 inches were desirable tc achieve confidence in initial experiments. This is
one-tenth the span of the Plumbbob Project 3.3 arches. Limitations of instrumentation and
funds dictated thut only four modais of this size couid be Iucluded, Fight 13-incn diameter
models 2iso were incarporated in the program in an offort o get some idea of the mfivence of
footing width, depth of burial, and the failure load.

In subsequent paragraphs the theory which formed the baais { » the experimental plan
and the tests is outiined.

THEORY

A theory for predicting the boly motiona of 2 thin metal arch of shallow burisl s given in
Appendix A. The basic assumption of this theory is that & soil-atress wave enveloping the arch
is egquivalent to an impulge which imparts an injtial transiational and anguiar velocity to the
structure, It i8 presumed thai there is sufficient load to induce failure planes in the soil, The
structure s agsumed to undergo purely rigid-body motions insofsr as finding the deflection of
the footings is concerned, With these and certain other assumptions, the equitions are written
for the initial angular and translational velocities. Thereafter, the arch and its covering soil
are tveated a8 & simple model,

Writing the equation of vertical moticn for the model provides the maximum dispiacements
of the two footings which, for long-duration loading, becomes

Br- Vv, ¥, ré, .
ymu"'——'ﬁ‘i‘_—"ﬁ*;&; (1)
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average surface side-on overpressure above structure
r = arch radius
Vy = arching shear
ky; = coefficient of subgrade reaction
b = footing width
¥o = L:-.al translational velucity
60 = {initial sngular selocity
w = natural translational frequency
wg = Ratural rotational fr equency
e = Naperian constant

and
v, -(Eofshnﬁ)(r+d0)
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where ¢ = angie of {riction of soi!
¢ = coefficient of coheslon
k = at rest coefficient of lateral earth pressure
p = average suriace pressure over arch
&g = depih of suil cover over ¢rown

The preceding equations show that determination of the footing deflection requires four
zofl termis, three goometric dmenslons, and the surface pressure. The [rstierm on the
right-hand side of Equation 1 is the deflection due o static ioad while the second and third
terms represent the deflection due to the initlal trasslational velocity and initial angelar
velocity. These Iatter two terms arc usually relatively small comparad with the deflection
from static loading,

For short-duration loads, the sc  tion for the body deflections is much more complex
than Equation 1, therefore, the solutio. was programmed for a digital computer. Preshot
prediztions were made with this program for the input values given at the bottom of Table 1,
These inpul values are close to the actual measured quantities except that the properties of the
s0il as placed were somewhat different {see Appendix A), Predicted peak values of deflections,
velocities, and accelerations also are given in Table I, Peak deflections predicted at the 60-pal
overpressure level were just over 1 inch, Little rotation was predicted for the conditions of
the 500-ton trial,

It can be concluded from sclutions of Equation ] that, except for the applied load, the
arching term, Vi, and the foundation modulus, k,, are of dominant importance in governing
the body motion of the structure,

As previcusly mentioned, an eguation has been developed elsewhere? for the maximum
percentage of the surface load which can be carried by arching for any given depth of soil
cover, An approximate relation also is given for the deflection required to develop this
arching. Thus, the means are available for judging whether or not deflections are tolerable.
For estimating purpnses, the shear term could be set to zero and the static deflection com-
ponent merely taken as the product of the surface pressure times the radius divided by the
foundation modulus. Neglecting arching shear woulid tend to compensate for the anguiar and
translational velocity terms. This could be used as a {irst-approximation check on deflections
from long-duration load experiments.

In the paragraphs that follow, the Operation Snawball Project 3. 4 experiment i8 described
and the results are coiapared with the theory.

EXPERIMENTAL WORK
Test Program and Description of Arch Models

In implementing the objectives of Project 3.4, four 30-inch span and eight 12-inch span
buried arches were loaded in the 300-ton high-explusive shot. A plan view of the project is
shown in Figure 2. Basic information on the physical dimensions of the arches, the depth of
burial, and loading conditions are included in Figure 2 and Table II. A bottom view of one of
the four large arches, CA-1 through CA-4, 18 shown in Figure 3. The four arches had an
identical geometry, except that CA-4 had its longitudinal axis pormal to a radius from ground
gerc. The large arches were intended to provide information on the body motion and the
response of the snell.

Of the small arches, CA-5, CA-68, and CA-7 were to provide information on the effect of
tooting width; CA-5, CA-8, and CA-9 were to provide information on the influence of the depth
of buriai; CA-10, CA-11, and CA-12 were to provide information on the mode of fatlure of the
buried arches,
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Table 1. Preshot Footing Response Predictions* 2
Overpressure :
N 45 80 85 S
Parameter (psn) :
‘ Pressure :
Duration - 118 87 82 1
{msec)
Deflention Leeward 5,88 i.i2 1,50 ;
in, ) 3
{tn.) Blastwar .92 i.33 1. 50 3
Velocity Leeward 36.10 47, 44 86. 30 %
i
(in./sec) Blastward 36. 59 47.81 66. 43 %
3
. . s 4
Acreleration Leeward 17.17 23.2 3z.8 3
® Blastward 16.0 22.1 32.5 ;§;
*For: Depth of cover over crown = 6 in.
Arch radius = 15 in,
Footing width = 1.20in
Footing depth = 1,82 in.
Soil density = 110 1b/6t3
Mass of arch «nd footing = 0,486 slu
Foundation modulus = 300 ib/ft
Cohesion = 0
Angle of internal friction = 35 degrees
Coefficient of lateral earth pressure = (.32
Velocity of stress wave in soil = 1,300 fps

Footings for the large arches were fabricated from steel angles welded together to Jlorm
a rectangular box section. These footings were fastened to the arch shell by plano hinges
brazed to the footiry 3 and riveted to the arch shell. The footings were held apart by rectangular
struts sharpened on the bottom to minimize resistance as they were forced into the soil. A
gketch of the footings and braces is shown in Figure 4. The end walls, of 1-1/2-inch thick
plywood, were designed to act independently of tie arch. This was accomplighed by mounting
the ond walla on an interna) 4-inch diameter aluminum pipe strut extending the length of the
arch as shown in Figure 5. A strip of 8-mil plastic was attached with fabric tape around the
semicircular perimeter of the end walis and fastened 10 the arch to prevent sand from sifting
through the 1/4-inch void between the ends of the arch and the end walls.

When the arches were placed, soll was filled to within 1/4 inch of the top of the ineide of

the footings. A 1/4-inch piywocd sheet was laid upon the scil (simulating a floating floor siab)
go that the top of the plywood was flush with the top of the footinga. The fioor acted {rse of the

arch and footings.
The physical arrangement for the small arches was identical to that for the large ones

except that the footing for arch CA-7 wus solid steel.
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Table . Dimenstuns of 3ol -Arch System

Radjus Length Footing Footing Thickness Lesdh of

A;:n of Arch of Arch | Widlh Helght of Arch Buriai {Crown}
: {in.) {in.) {in.) {in.} {gage)* {in.)
CA-1 15 57,8 1,23 1.875 14 g
CA-2 18 57.8 1,25 P BTS i4 8
CA-3 i5 1.6 1.25 1.87% 14 8
CA-4 18 57.8& §.25 i, HT8 14 é
CA-%5 g 24 0.5% 0.7 28 8
CA-8 6 FL] 1.0 6.7 28 &
CA-7 & 24 0.25% 8.7 28 g
CA-3 (3] 24 0.5 0,7 28 8
CA-8 é 24 0.5 0.7 28 4
CA-10 6 24 0.5 3.7 28 €
CA-11 6 24 0.8 0.7 28 8
CA-12 8 24 Q.8 0.7 28 8

* 14 gage Birmingham gheet is 0. 0785 in. thick; 28 guge Birmingham sheet is 0. 0156 in. thick.

Models CA-1 through CA-3 were piaced in a sand | ackfili in an excavation of the shape
ir4cated in Figure 8. The other models were in similar pits. Careful consideration was
given to how large the pit should be to avold deleterious boundary effects. Judgment and
experience indicate that the soil within a few footing widths of the footing is of dominant
influenc e in governing the footiny deflection reiative to the soil field since this is the region of
high stress concentration, Since body motions were the main concern, there was no apparent
peed for a large pit providing one could supply logic to support the tenet that arching across
the pit would not be large,

Heuristic reasoning can be advanced to evince the improbabiiity of significant effects
from arching across the pit as follows: (1) B has been shown that development of large arching
requires sizable relative deformations; (2) the difference in the vertical soil modulus of the
sand and the clay are not sufficient to develop relative deformations of the magnitude required
for significand arching to occur.

Because of the impedance mismatch between the sand fiil and the slity clay of the free
fiald, reflected waves might be expected from the bottom and the back of the pit. These
reflactions occur within a very short time as comparead with the funda menta) period of the
structure and, therefore, would not have any apprecizble effects on the arch velocities or
deflections. For ths preceding reasons, the size of the pit used was considerad quite adeq ate
fcr purposea of the Project 3.4 experiment.

A deacription of the soil used, a delinsation of its properties, and briefs of the methods
employed in the main soll tests are given in Appendix B.
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Figure 5. End wall and pipe strut.

‘Thera is gond resson for using a granuiar backfill in the model inctailations us well as in
pruototype structures. Some of the main reascns are as follows:

1. Llarge shear strengthe can be developed: a lesser portion of the strength is lost
with wetting than occura in cohesive solls,

2. Granular materials can be compactad much more easily and uniformly than
cohesive aoila,

3. Granular materials provide tremendous strength from passive resistance that is
not always available with clays.

Good compaction of backiil] soils is exceedingly important in gaining iarge active and
passive pressures at sma!l defiections. This is especially true if moisture 's present (as 1t
veually would be in practical situations) introducing an "apparent coheeion’ in the soil.

St:-mll plastic sheets were placed 2 inches below tha surface of the soil to impatr the
transmisaton of pore pressure thir-ough the soll ae indicated 1» Figure 6. The intent was that
only intergranular pressures should be sensed by the arch during the initial period of response
to maximum deflection. In prototype arches, the larger depth of soil cover would serve as &
filter to the pore pressures. In models, a plastic sheet {5 needed for this purpoee to gain
simijarity.
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pbmsonittn + Y

&0 Ein -
i’ |
3‘% L«-—!ﬁ"—.-%-..“' e B e ‘.
g | “
! B |
= H H
i i i
| L
|
93.46" 57.6" ' ‘ ; ground zero
i ! !
| | :
| l -
: " ‘ | ' A
L i | i J
z o ! ’ i _
i S T ‘
' |
| o |
A ] |
EAT
Plon View

, grode elevotion

e

" — — —— — —— ——— —

plastic cuver —3

- arch

51

| \\ fjdoﬁon / B boundary of backfill
l floor /

Section A-A

Figure 6. Arch-soil system.

*




Instrumentation

A total of 30 ~hannelz of electronic measurements were made., Twenty-nine of these
were on arch CA-2 a2 Indicatad in Figure 7. In addition, there were veloclly geges on the
biastward and jeeward [ootings and a surface pressure gage at each of arches CA-1 and CA-3.
The 3&h channel was a velocity gage on the southeast corner of the instrument bunker.

Besides the slactronic measursments, two plastic scratch borrds were employed in exch
arch to define the maximum deflections of various points on the arch with respect to the footings
and the floor. 1o accomplish this, the plasiic scratch boards were placed back-to-bick, one
being attached o the floer and the other attachad {5 the fudtings. Scribes for the scratch
poards were attached to the shell at 7, 20, 40, 90, 140, 180, and 173 degrees around the large
arches and at 7, 90, and 173 degrees on the amall arches. Deflections of the arch with respect
to the footings were not expected to be sufficiently large to be detectable for the small arches.
Three vertical rods, one attached to the crown and one attached to each footing, provided
reference points for survev measurements.

The intended purposes of the measurements were a8 follows:

1. Free-Field Deflections. These measurements wore ¢ 2eleliilue the angie i the
soll stress wave front with the horizontal, ic define the seismic velocity of the stress wave,
and to measure the free-field deflections for comparison with the body motions of the arch.

2. Deflections. Footing deflection measurements were primarily for defining the body
wiotions of the structures. The scratch gages, however, were for determining the maximurm
displacements of the intrados with respect to the floor and foolings. The welding rods were
simply a backup for the slectronic measurements and werz to supply informatich ot mximum
deflections even if the electronic measurements were lost, Velocity gages were used in lieu
of defiection gages on the footings, because of the inaccessibility of a fixzJ reference point.
The velocities are integrated to obtain deflections. Arch deflection measuremenis were for
determining the predominant mode of vibration and the movement of the arch with respect to
the footings.

3. Striajns. Strains measured around the arch were used to define the thrust and
moment distribution. In addition to permitting definition of stresses, these measurements
prove useful in 2 study of arching. Strains in the tie rod were used to measure the horizontal
thrust in the footings.

4. Accelerations. Accelerometers were included primarily for getting saome idaa of the
shock input; however, these records aiso were integratad for velocity and deflection. Such
integrations are nut always succeseful.

3. Surface Pressure. These gages were for defining the loading. All of the electronic
gages on the structure were employed in defining the natural periods of vibration of the system.

No electronic tnstruments were used with the 12-inch diameter models; however,
measurements of rotation and relative downward displacements were attempted using a
precision level. The models were exhumed after the shot to observe their condition.

A more detailed description of the transducers and electronic instruments employed is
given in Appendix C. Further information on the instrumentation setup is given {n the Test
Procedures Section.

Test Procedures
Introduction. Thia section summarizes the procedure followed in completing preperations

for the tests and the precautionary measures taker to assure adequate control in order to
achieve good results,
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Sequence of Events. After the locations of the pits were established, a trancher was
used to obtaln vertical walls along the back and sides. A backhoe was used in scoop out the
soil and to form the sloping fron: wail and the horizontal botiom, The pit was irimamed by hand
to the {inal dlmensions (kee Figuros 6, &, and 8).

Cable irenchas, 4-fpet deep, wers dug from the bunker to tha pits. Tirty-six cables
were Jai’ ‘n these trenches plus two wxtra cables to sach instrumented location, The extra
cables ve e included as a safety factor in case of cable fatlure and aiso tc provide sparss for
additiona! use such as the detonation circuit in the covered vibration tast.

Elevations for the grade line, plastic sheet, crown of the model, and bottom of the
footing were established with respect to 2 bench mark on the bunker. Four wooden stakes were
driven into the bottom of sack pit juxtopnssed to the side walls and the elevation markings were
established using a surveyor's level.

Since the sand-drop method was used for backfilling the pits with dry sand, densities
corresponding to drop height and rate of flow had to be determined before any sand could be
placed. The densaity was determined with 3 test box using & drop height of 30 inches and a rate
of flow corresponding to a fuli-open valve. The drop height and rate of flow were carefully
maintaines during backfitling. See Appendix B for a discussion of the method and 3 description
of the equipment and test box.

Work performed In the pits consisted of the following primary steps:

1. Backiilling to the footing elevation.
2. Level:ny the sand at the footing elevation.
. Conduciing plate bearing tests to determine the foundation modulus.

3

4. Preparing the models for placing.

5. Placing the models.

8. Backfilling from the bottom of fouting elevation to the floor elevation (¢ large
30 inch-diameter models only).

T. Setting scratch zages and completing model assembly.
8. Continuing backfiiling to plastic sheet elevation.

9. Placing plastic sheet.

10, Completing backfiliing.

11. Measuring the change in crown height with respect to the footing height (change in
roundness), using the ieveling rods attached to sach model, and resetting the rods.

The secondary, um.ae deiailed, procedural stepa varied with the size of the models and
also the amount and type of instrumentation on the models. The following detailed procedure
was used for Model CA-2, the arch with the most instruments. Aiter the pit was backfllled to
the footing elevation to provide a asnd layer of controlled density beneath the arch, the soil was
leveled to insure good uniform contact between sand and footing, and four plats bearing tests
were conducted to determine the foundation modulus. Figure § shows the vertical wooden
elevation markers, the horizontal steel rods for leveling the soll surfacc, and the plate
bearing testing device with its frame, dial gage, and weights. The ends of the leveling rode
were attached to shori vertical angles. A hammer ang carpenter’'s leval wers used to tap the
angles into position and to check the level. Low spots on the sand surface wero fllled by the
sard-drop method, and a special screeder was used to cut away the high spots. Sand was
never pushed with the screeder; instead, it was lifted to insure undisturbed denaity control.

13
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Figure 9. Device lor plate bearing tests and setup for trimming sand.

Next, the arch waa prepared for placement. The instrumoents were insialied and
calibrated, the initial out-of-roundness of the arch was recorded, and the alevution rods were
set level. All recording instrumems were checked for correct sign and direction of trace
deflections. A saries of static loads and impact loads were then appliod to recheck the
direction and relative magnitudes of the trace deflections and to determine the unburied
matural period of the arch. Next, the arch was placed in the pit with the cables daconnested
for ease of handling. Bacidilling from the footing elevation to the floor elevation was done by
hand; then the ficor was placed. The scraich gages were set, the cables coanected, the
instruments checked, a no-load measurement taken, the carnon plugs watsrproofed, and the
end walls assembied. Eventually, the modal was backfilied and a layer of plastic was piaced
2 inches below grade as was done with all the models. Last, the effects of the overburden
were measured uaing the slectronic instruments and the vertical rods, The rods were
adjusted to protrude 2 inches above grade.

Subsequently, & natural period test was performed on the covered arch. The first
nonexiensioral symmetrical mode period was sxcited by exploding a small charge over axch
CA-3. The charge consisted of two 2-gram tetro pellets taped to a biasting cap. A hemi-
spherical mud cap was placed over the upper portion of the charge to direct the shock
downward., The azsambly was suspended from the apex of a tripod about 10 inches sbov > the
soil surface and directly over the center of the arch.

To complete the test, a blasting cap connectad to an {nitiation circuit was detonated while
output from the various transducers was recorded cn the oscillographic equipment. During this
time, all attenuations were decreased Uy a factor of five over the corresponding seitings for
the trial,
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A postburial, preshot survey was made to measurs the elevation of each model
{accurscy = 0.003 f1} with respect to the bench mark on the bunker and the bench mark in the
Canadian Sector of the hiast range. The elevation of the center rod of each arch was recorded
and the rods on each side then were adjusted to the leve! of the center rod. These measure-
ments were repeated after the blagt as backup measurements to determing the parmanent
translational and rotational body motions. A velocity gage was mounted on the bunker near the
beanch mark ¢ measure the movement of the bench mark,

Fimally, the models were subjected to the 500 ton high explosive shot, & postshot survey
was taken, and the modeis were recovered,

Bacikfiliing and Soll Control. Since the arch respense theory (Appendix A) contalns
severai soil parametiers to which the maximum deflections are sensitive, it was necessury to
maintain cloae control over the sofl parameters in the experiment, For that reason, special
sand was procure” from Kimmitt Concrete Limited, Medicine Hat, Alberta. Sand with
satisfactory gradation was delivered to the blast range at less than {-percent moisture content
and was stored under a piastic sheet to prevent contamination.

Tests were performed to determine the basjc properties of the material as svbsequently
described. These included 2 special test lor density employing a segmented box and plate
bearing teats for determining the foundation raodujus,

The device shown in Figure 8 was used to backfill all of the pits. It was lifted and
positioned by a truck-type crane. The device consisted of a steel frame, three steel barrels,
three flexible hoses, and three inverted funnels containing sieves. The sand containera were
the steel barrels, open at the top, with orifices and valves at the bottom. The barrels could
be used individually, two at a time, or all three simultaneously by placing them in the stuel
frame. Cables were provided for lifting a barrel singly or for 1ifting the frame with its
3-barrel load. A flexible hose, 3 feet long, was attoched over the orifice on the bottom of each
barrel by a fire hose coupling. At the lower end of each hose, there was an inverted sheet
metal funnel containing three sieves.

A five-man crew was used during most of the backfilling operation: crane operator,
frame rider to operate valves, and three hose handlers to direct the flow of sand. The
following procedure was used:

1. The sand was hand shoveled into the barrels with the valves closed. H three
barr&ls were being used, they were mounted on the {rame.

2. The crane was used to move the device to a position beside the pit.

3. The rider mountad the frame.

4. The device was lifted about 5 feet.

$. The flexible hoses were attached.

8. The device was positioned over the pit to achieve a drop height of 30 inches. The
drop height was measured from the lowermost point on the inverted funnel to the
backfill aurface.

7. The ride opened the vaives and the hose handiers slowly moved the hose and funnels
to and f* 0 to direct the flow of sand.

8. The aand flowed {rom the barrels through the hoses and sieves, out of the inverse
funneis, and dropped 30 inches.

9. The sand was bullt up evenly - the surface kept as level as possible.

10. The drop height wae corrected periodically as the sand surface level raised in
the pit.
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11. The rider reguiated the fiow with the valves and then closed the valves at the
conclustion of the operation

12. The device was moved away from tha pit.

13. The flexible hoses were disconnected.

14, The device v as lowsred.

15. The rider ismounted.

16. The device was returned to the sandpile for loading.

After the pits were bacifilled, they were coverad with plywood roofs and 8. mil plastic in
pravent water and dust contamination.
Subsequent checkout of the instrumentation readied the project for the shot.

RESULTS AND DIBCUSSIONS
General Observations

Data obtained during the Projact 3.4 experiment was, in general, gquite good. It showed
that the characteristics of the response of the four large arches were about as expected,
althoagh the magnitudes of the varjous measuroments were larger than predicted. The larger
models withstood the overpressure, however moderate damage was inflicted on two of them by
large, hard clods of clay in the ejecia. These unanticipated clay bombs did not obecure
achievement of the prime objectives of the experiment.

The ejecta from the shot deposited & layer of material of varying thickness over the
arches which averaged trom about 8 inches at the arches furthest from ground zero to about
12 inches at the closest arches, Fortunately, steel rods which projected several inches above
the surface were located in the corner of each pit prior to the shot. These rods were reiatively
eas8y to find and greatly facilitated postshot recovery of the structures. Immediately after the
postshot survey, the structures were exhumed and carefully exaimined for damage. At this
time, the scratch boards and transducers were removed.

Daletartous effects of the ejecta preciuvded accomplishment of the tertiary objectives of
learning something of the influence of footing width and depth of cover. This information was
to be obtained from preshot and postgshot measurements on the eight small arches.
Unfortunately, most of these arches were smashed by the impact of the lurge clods. The
postshot condition of the arches, as observad after being exhumed, is listed in Table HI.
Postshot views of arches CA-10 and CA-2, illustrating typical damage, are shown in
Figures 10 and 11. Ironically, the arch which had the least damage was CA-13, the one closest
to ground zero and subjected to the highest overpressure. Examination of the surface showed
that no large clods fell immediataly above tids structure.

As indicated in Table I, the large arches were nut grossly damaged. From the nature
of the dentz in the arches, there is no doubt they were due to the ejecta. The multiple pounding
by the large clods is clearly observable on the oscillograms starting at about 7 seconds from
detonation zero. This pounding left some of the acratch gage records complexly scribbled,
although the complete motion is clearly defined on many of the scratch boards.

Direct mon ary loss from the destruction uf the smaller models was small aince they
were cheap to build, Inexpensive to install, and involved no costly inetrumentation. The loss
of time was more serious; it may be several years before another shot or a suitable simulator
is available for duplicating these tasts.

Fortunately, all electronic squipment performed wel! during the trial and records were
obtained for all transducers as shown in the osciilograms, Figures D-1 through D-13 of
Appendix D. All transducers functicned properly except the velocity gage on the bunker and two
of the surface pressure gagee. Backup self-recording pressure guges provided the needed data;
consequently, malfunction of the two electronic pressure gages did rnot result in loas of required
data. Time of arrival of the surface preasure wave and duration of this wave wers obteinable
from the pressure records. All other slactronic instrumentation functioned properly.
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Figure 10. Postshot view of arch CA-10.

Figure 11. Postshot view of arch CA-2,
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Table II. Postshot C. dition of Arches

‘;';fh Poatahot Condition

CA-1 The right end {facing the arch from the blast side) was dished downward
2-1/2 {nches; the left end was dished downward 5/8 inches; the center of
the crown was resting on the plastic scratch boards, and the plastic had
yughed down the floor.

Ch-2 The right end {facing the arch from the biaet sids) was dished n 7' ng the
back {lee) side about 4 {nchey, This damage extended about 10 inches
from the end of the arch. Otherwige. (he model was in good condition,

CA-2 {7u0d condition; permanent diaplacement of the crows at the ends was
5/16 and 3/18 inch.

CA-4 Both ends were dished downward; the leeward end was worse than the
hlastward end; the center of the arch contucted the plastic geratch bourds
but did not break them.

CA~5 Fairly good condition; crimped slightly in on the blastward side and out
on the leeward side near the spring line.

CA-8 Ome en:i was in good condition, the other end buckled completely with the
end down around the pipe.

CA-1 Flattened.

CA-8 Flattened.

CA-9 Both ends were bent down; the center was heid up by the plastic scratch
boards.

CA-10 One end was huckied down, the center was resting on the plastic scratch
boards, and the other end was in good condition.

CA-11 The leeward side of one end was caved in; the remainder of the arch was
in good condition.

CA-12 Good condition; evidence showed that the crown at the center of the arch
had gtruck the plastic scratch boards; the scratch boards werc broken.

The records ylielded a surprising amount of data including information on ground motion
and ejecta. Though not necessarily intended as such, the arches were good ground motion
and ejecta sensors. For example, the records clearly show the arrival of a secondary
ground wave 200 milliseconds afier the arrival of the air bias’ at the 425-foot distance from
ground zero. This wave also was found on the Project 3.8 records of the Waterways
Experiment Station. Later in time on the NCEL records, about 7 seconds after arrival of
the blast, the large chunks of ejecta impacted on the surface above the buried arches and
produced conasiderable excitation of the various gages. Some of these missiles were quite
massive and, judging from the time from blast to impact, must have been thrown to heights
upwards of 200 feer.

As a word of caution, it should not be assumed that the behavior of the small arches is
representative of what would happen to a prototype at the same overpressure under & nuclear
ioading. In a0 extending the reeults, modeling effects must be taken into coneideration.
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In this regard, on2 inescapable deduction frow thée records is thai high-axplosivs tests
are & poor substitute for a large nuclear detonation in condocting soil-siructure interaction
experiments. Even with the small models employed, the overpr sesure had decayed to jess
than one-half of {8 peak value prior to cccurrence of the peak ¢effection of the arch. A
iong-duration loading woulu vastly simplify the comparison of the data with theory and the
formation of valid judgments regarding the real problem ¢ concern, namely, providing
shelters capabie of resisting nuclear weapons effects.

Uncovered Natural Period Tests

When sxcited, an arch tends to vibrate in the modes indicated fn Tabie IV. Records from
tests of striking or pushing and releasing arch CA-2 gave the pericds indicated in Table V.
Also included are theoretical values of the periods as determined from the equation

c
2w n
“a T T T 'l_"z'\ﬁ;:'i @

in which (‘.‘u squals a comstant corresponding to the variots mode shapes as follows:

C, {extenslonal mode) = 13,7
Cz (first symmetrical inextensional mode) = 8.1
C3 (first antisymmetrical inextensional mode} = 3.2

and w_ = natural frequency of moce n (cycies/second)
T = natural period of vibration of mode n (seconds/cycle)
r = arch radius (in.)
E: = flexural stiffness of arch (lb-in.z)

y = mass per unit of arc length (lb-secz_//ln 3)

As may be seen in Table V, the experimental values of the period were reusonably close to the
computed values in both cases.

Etfects of Overburden

Initially, a'l of the arches were out-cof-round to some degree; in most cases, the radius
at the crown was less than the design radius. Initia] out-of-roundnese of arches CA-1, CA-1,
and CA-3 is shown in Figure 132, When the overburden was placsd, the crowns of eleven of
the twelve arches moved upward, thus improving the roundness of the arches. The maxiraam
riae of the crown oni any of the arches was 3/32 inch (for arch CA-2, this upward deflection
wag 0, 02 inch).

Momente and thruete introduced on ackfiiling were negligibly small.

Covared Nstursi Pertod

Detonation of the small chargs over arch CA-2 induced vibration with 2 fundamental
period of 19.8 milliseconds. This is appreciably less than the 45- millisecond uncovered period
(Tsble V) which indicates that tie stiffening sffect of the soil has much more influencs on the
natural period than the added mise of soil over the structure. This behavier has been observed

in other experiments3 and has been explained in a theoretical study.”




v Table IV.

Deliection Modes of an Arch

1. Exrensional Maods

Sometimes colled compremion
moche

I, inextensional Modes
A, Symmeirical

1. 1st symmeiricol
{ bending - compression )

2, 2nd symmetrical
{ bending ~ compression)

8. Antisymmeirical

1. 1st antisymmatrical
(icteral bending mode,

flexural mode, deflsction
mode )

2. 2nd ontisymmetricol

Natnral Periods of Uacovered Arch CA-2

Table V.
Natural Period of Uncovered Arch
(meec/cycle)
Comput ed Experimentai
’!‘l {extonsional mode) 23.% -
T‘z {first inextensional symmetrical mods) 38.1 43
140 13¢

Ty {first tnextensiona! antisymmetrical mode)
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Biast Loading

Maasured peak pressures were almost exacily the same as those predicied {s+s Table V.
Pogitive phaze durations by contrast, were 40 percant longar than pradicted. The pressure
data, for the most part, was taken from the Ballistics Research Laboratory (BRL) seif-
recording pressure gage. At the iocation of model CA-1, the positive-phase duration measured
by the Wiancko presaure gage was used because the BRL sell-receording gage at this location
failed part way through the loading history. Arrival times at all locations were determined
from the Wiancko gages. The peak pressures from the Wiancko gages were not ussd because
of failure of two of them to respond to the initis] pressure spike; apparently dust was entrapped
in the orifice holes of these gagee. Blast-line data was ured to conlirm the pressure~-time
information. The shape of the pressure pulae differed markedly from the theoretical
{Friedlander) exponential decay corresponding to the measured peak pressures and durations
in that the impulse and, thus, the effective triangular load, was much smaller. This
characteristic 18 apparent in the pressure-time plots of Figures 13 through 15.

Arch Behavior

Deflection. The motions of the structures were greater than predicted. Relative deflections
of various poinis arcund the perimeter of arch CA-3 st 10, 20, 3J, and 43 milliseconds are
indicated in Figure 16 together with the residual deflectionn at 2 seconds. As may be seen, the
first antisvmmetrical mode deformations were smail as compared to the first symmetrical
mode deformations. Although the curves are b ..ed upon only three clectronic measurements,
the shape is known to be correct. The shape was determined {rom the moment diagram and
from the scratch gage records. It should he kept in mind that the deflections indicated in
Figure 16 were relative to the footing. of the structure.

Daflection versus time data for the three gaged points on the perimeter of the structure
are shown in Figure 17. The peak deflection at the sides cccurred at the time equal to the
buried natural period of the structure. Peak deflection at the crown occurred at 36 miliiseconds,
a time slightly longer than the 19.8 millisecond period. The maximum deflection of the crown
with respect tc the footing for arch CA-2 was 1.2 inches or about 10 percent of the radius.
S{gnificantly, the restdual defiection at the crown was less than 1/10 inch.

Considerable insight into the deflection behavior of the arches is dertvable {rom the
acratch board traces, Figures D- 14 through D-21 of Appendiix D, In interpreting these records,
it should be pointed out that the plastic scratch boards sheared off at the east footing of arch
CA-4 and at the blastward footing of arch CA-1, These fallures probably were caused by ths
crown striking th: piastic sheet on its downward excursion. The scraich gage traces wore wed
primarily lor checking the deflections determined by other means.
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Table VI. Blast Load Parameters

i

% ) Peak Overpressure Load Duration

g Arch Rﬁge Measured or {ps1) {meec) Impuise®
{ Predicted | Maxi -

% Val?:eum Effective* | Actual | Effective* (pst-msec)

£ CA-1] 305 Measured 96.7 83 149 30 1,211

i Predicted 85 - 82 . -

, CA-2| 435 Measured 63.1 60 124 39 1, 148

Predicted 60 - 97 - -

] CA-8 | 428 Measured 50.0 45 134 45 1,005

Predicted 45 - 118 - -

“Effective peak overpressure and effective load duration are those values obtained by
§ using an equivalent triangular decaying load, with equal impulse, when the impulse
is taken to the time of maximum footing deflection.

**This measurement was taken from Wianckc pressure gage; all other durations are
from BRL self-recording gages.

Table VII. Strains in Arch CA-2

Strain Gage Strain (uin. /in,)
> Tire to
Poaition At A o A (FPeak %ﬁ“ Peak Strain
Number Dexrees | N81de or | 10 msec | 20 msec/ 30 msec | 43 msec (utn. /in. {maec)
% Outside

8Gi 7 QOutside +390 +425 +305 +345 +445 21
8G2 7 Inside -840 - 620 -480 -360 -705 21
SG3 20 Outeide 280 +315 +3735 +3680 +380 b3 |
SG4 20 Inside -560 -475 -455 -435 -585 7
8GS 40 Qutside +45 +575 +715 +880 +120 31
SG8 40 Inside -365 - 790 -83%0 -T15 -830 268
8G7 90 | Outside | -345 | +1,740 | +830 | +870 +1, 880 16
8G8 80 | Inside +60 | +1,540 | +1,150 |+1,230 +1,540 21
8Go 105 | Outside | -465 | -1,080 | -1,270 |-1, 190 -1,290 25
SG10 105 | Inside 4318 | +1,610 | +1,580 | +1, 460 +1,830 28
8G11 130 Outeide 0 +B05 +800 +818 +930 a8
SG13 130 Inside -215 -890 - 940 -820 -1, 000 28
SG1Y 165 Outside +225 +645 +780 +790 +815 k)
SGi4 165 Inside -805 -875 -970 -B825 -1, 0060 23
[G1S 173 Outside +230 +520 +565 +465 +885 21
SG16 173 Inside -61% -8 -85 -805 -1,380 g
8G17 - Brace +55 -3325 -285 - 158 -395 19 B
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Figure 13. lLoad-time diagram, arch CA-1.
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Figure 15. Load-time diagram, arch CA-J.
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Figure 16. Deflection disgram, arch CA-2.

Moments and Thrusts. Moments and ttrusts were determinad from the strains given in
Table VII. Strain data in general was good, although there was some extraneous strain near
the crown imparted by the rotation of the vertical rod employed for detarmining deflections
with the preshot and postshot survey measurements. The rod introduced 2 momernt which
infiuenc ad the strains within & region of 115 degrees of the crown. As a consequence, it was
necessary to ¢ “arcine considerable judgment in interpreting the strain data for determinxtions
of the thrusts and the momaents at the crown. Up to 10 milliseconds in time, there was little
adverse influence of the vertical rod at the crown. At this and later times, effects of the
verticod rod were evident, although the moment was predominantly that corresponding to the
first inextensional symmaetrical mode of deformation.

A second influence which should be considared in interpreting the data is the accuracy of
the moments and thrusts, depending upon whether they were determined from a sum or
difference of the strain data. In cases where the magnitudes of the strains are largas and the
thrust or moment depeads on the difference of the strain data, mcuch of the accuracy is lost.

Spatial distribution of moments in arch CA-2, at various times, is given in Mgures 18
through 22. Moni'-g distribution differad from that in thinner arches previcusly tested in the
blast simulator, In the iatter arches, the moment distribution was much more irreguiar

and exhibited a large moment about 3 degrees Irom the sprirg line:, No such behavior was
discernible in the Project 3. 4 structures.

Moments on the leeward side of arch CA-2 were about 30 percent larger than those on
the blastward side at all times. Typical moment-time curves at various points on the
perimater are shown in Figure 33. From this it may be seen that maximum moment at
different points occurred at different times. Moment varistion was much more irregular than
variation in the thrust.
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Figure 17. Deflection versus time, arch CA-2,
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Bpatiai distribution of the thruast around the perimeter of the arch was fairiy uniform at
ajl times, as may he seen {rom the piots of Figures 3 through 38. Al all sintions and at all
times, the thrust was appreciably leés than the product of the surface pressure times the
radium, the thrust under hydroatatic load conditions. Varistion of the thrusts with time, at
various stations aroun- the arch, may be seen in Figure 28. At the 20~ and 40-degree
stations, the peak thrust was rmhed in about 10 milliseconds; nt the 7-degree station, the

peak thrust was reached at approximataly 17 milliseconds. Reat&nl thrusts were esaentizily
zerc at all stations.

Footing Behavior

. Absoclute displacement of the footings was obtained from integration of the
velmﬁy traces. Deflection versus time curves from these data are prasented in Figures 30
thraagh 38,

Peak looting daflections in ali cases occurred belween 42 and 48 milliseconds: maximum
values are given in Table VIII. R should be noted that, at the {ime of maximum footing
deflsetion, the swiiace pressure had decayad to abotit one-tenkh of peak value; thus, the
deﬂectmns were miuch smaller than wouid have been induced by 2 megaton ntclear weapon.
Absolute displacements of the two poings for which meagsurements were made in the free field
also are given in Table VIII. The peak absolute displacement of the freg field at the elevation
of the footings waa G, 882 inch. The relative displacement of the fuoting of arch CA-2, with
respect to a point in the free field at the same elevation, was 0.81 inch.

A check on the reasonableness of the deflections from the velocity gages is obtainahle
from the scratch gages; the scratch gage traces are given in Appendix D. Scratch traces
nearest the foolings showed 2 mar imum dsplacement of the footing with respect to the floor of
1.00 inch. Motioa of the foor, as determined from the corrected double integration of the
floor acceleration, was 0.62 inch, The sum of these quantities 1= 1.02 inches, almost exactly
the aame defiaction obtiained from integration of the velocity trace.

105°

ground 2690w ugun

mauﬁd thrust

\/— or » =540 ib/in,

Figure 24. Thrust diagram at 10 millisecoods, arch CA-3,

-
-~

t )

PRI Sl |

RS Y T PR NI O R I

2 et s,

s Y E

S

Fa RS




-

: 900
g GrOUnd Z810  mmegine
5 a0 e ot = ~345 l/in.

Theust {ib/in, )
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Figure 28, Residual thrust diagram at 2 seconds, arch CA-2.
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Rotation of arch CA-2 was negligible; however, arch CA-1 rotated away from ground
zsro 1°1Y'. Even larger rotations were noted in arch CA-4 on itz recovery. The blastwaru
ond wall of arch CA-4 was ahout 4 inches highes than the leeward and wall. This rotation must
ave been catused by the ground motions.

Littis usable information was derivable from the survey data, partly due to faflure of the
velocity gage on the bunker to funciion properly. The first order survey data was of nc value,
probably becsuse of the error resulting from the long distance that the levels had to be brought
in irom the bench mark.
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Figure 29. Thrust versus time for pesitions around arch CA-1.
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Figur e 30. Deflection of the biastward footing, arch CA-1.




Deflection (in.)

Deflection {in,)

B e

2,5 T
M - .
2.0 1 1
[ﬂmﬂcd (kg = 110)
1.5 /_,4:!“'
predicted
3'0 !
\—. theoreticel (k, = 216)
0.5
0
0 5 10 15 20 25 K ) a5 40 45 5
Tims (meec)
Figure 31. Deflection of the leeward footing, arch CA-1,
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Figure 32. Deflection of the biastward footing, arch CA-3.
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Figure 34. Deflection of the blastward footing, arch CA-3.
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Figure 35. Deflection of the leeward footing, arch CA-3.
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Velocity and Acceleration. Variation of velocity with time for arches CA-1, CA-2, and
CA-3, are in Pigures 38 through 41. It may be noted that the peak values of velocity
aecarred betw-~an 13 : nd 14 milliseconds. Mnst of the veiocity traces exhibit a minor peak
prior to the occurrence of maximum value. Peak values uf displacement, velocity, and
accaleration are given in Table VIII. Velaocitiea obtained from intagration of the accalerometer
traces ars considerably below the valocity obtained from the Stanford Ressarch Institule (BRJ)
gages. Apparently, there was some baseline shift in the accelerometer traces as often happens
fn such measuremants.

The scceleration traces exhibited high frequency perturbations which had (0 be
mechanically filiered out before the data became meaningful. These perturbations were poorly
defined in the Arst 8 milliseconds of response. To achieve suitable filtering, a curve was
flotted through points wideay between the pealks of the perturbationa, Figures 42 and 43 are
the resultant curves. Peak values of acceleration .z Table VI were obtained from the flltered
curve. Feak values of velocity and defiection, by contrast, are the actual maximum values
from the oscillogram traces.

Free- Field Mation

Mensurements from velocity gages V2-4 and V3-3, in the free fieid adjacent to the
structure, show that the peak absolute displacements at 6 Inches and 21 inches from the surface
were 1.00 inches and 0. 88 inch, respectively. Absolute displacement of the floor of the
structure was 0. 80 inch, almost the same as the displacement of the free fleld at the same
dmtm&

Penk velocities at the 6-inch and 21-inch depths were 44 and 24 inches per second,
respectively.
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Figure 38. Veloctity of the blastward footing, arch CA-1.
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Figure 39. Velocity of the leeward footing, arch CA-2.
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Figure 40, Velocity of the blastward footing, arch CA-3.
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Figure 43. Acceleration of the leeward fouting, arch CA-2.

Tie Rod and Floor Behavior

During the first 12 mililseconds, the tie rod, Figure 7, was in tension. Thereafter, it
developed a very large compression which reached a maximurs value of about 4, DOC pounds at
23 milliseconds. The average horizontal thrust on the footings reached a maximum of
330 pounde per inch of length. The horizontal force was larger than expected which emphasizes
the need for a bracing system io provide lateral support and prevent rotation of the footings.
Failure tc include such & support is believed to be primarily responsible for the footing fallures
of the Project 3.8 arches in Operation Hardtack.8 The horizontal thrust alsc may have been
partly responsible fc v the fioor failure in the Operation Plumbbob 3.3 arches. ! In the latter
instance, the footing was probably pushed against the slab and, as a consequence, the edge of
the floor was [orced downward with the footing causing a break in the floor approximately
2 feet in from the spring line.

Mover ent of the ficor was determined from double integration of an acceleration trace.

A maximum absolute deflection of 0.82 inch occurred at 40 millis conds. This datz indicates
that the deflsction of the floor was small compared to the translational deflection of the

structure.

Soil Arching

The term "arching’’ is used here tc mean the total shear on a vertical plane through the
jootings. This force, as a percentage of the surtace load, is plotted versus time in Figure 44.
R was determined from a vertical eguilibrium of the forces on the free body, shown in the
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diagram of Figure 44, by using the measured thrust as the footing reaction and an inertial
force, based upon the mass of the structure and the a0i] over the structure, tiraes the
acceleration of the fooungs,

The shape of the arciing curve of Figure 44 is somewhgt different from that drtorm.aned
from tests in t'w biast simulator.3 The resuits shown in Figure 44 indicate that at early timas
most of the loz_ 8 transmitted through the sotl around the arch,

Recapitulation
The sequence of evenis influencing the behavior of arch CA-2 was:

1. The surfzce overprsssure resched a paak value in aboul i miljisecond and graduaiiy
decayed (¢ zero in 124 milliseconds .

2. The maximum thrust wns reached in about 10 militsaconds and the maximum moment
wus reached in about 25 mitlisscomds.

3. The peak deflection of the crown was reached in about 38 milliseconds.

4. Maximum defiection of the footings was reached in an average time of
46. 2 milliseconds.

Body motion was by far the most significant mode of responsa, although first symmetrical
mode response was alsc sizabie. Some antisymmetrical mode behavior was evident, but it was

smalier than expected.
Computer Analysis

Computer Program. A Fortran computer program was written usirg the theory given in
ndix f The %scctiva of the program vwas to obtain data for comparison with the

experimental resuits. The program was designed to recefve the dominsnt purameters
corresponding to any equivalem-trianguiar load, any semicircular arch oriented "“side-on' to
the load, and any soil, With this input, footing deflections, veiocities, and accelerations can
be computed, accounting for rotationa} and transiational body motions.

Computer Input. Inpui to (ke computer program is shown in Table IX. The three types
of data used as input represend dimensions of the structure, characteristics of the load, and

properties of the soil.

Dimensicns of the model were esiublisited in th: design of the experiment. Footing
dimensions, depth of burial, and arch radius were vns canth scale of a Navy standard personne}
sheiter. The stiiIness and the mass of the arch were greater than the scaled guanttties to
insure agalnst milure of the sheli. HMase was obtained by weighing the modeis, including the
arch, footings, footing braces, mnd transducers. Fnd wall and floor masse¢ were not included
since these are aaparate assemilies not directly attached to the arch,

Peak cve-pressure was measured at the svrface of the ground at sach model location
using BRL self-recording preasure gages. Efferiive duration was obtained by caleulating the
impulse (avea under the overpreassure-’ime curve) from zero time to the time of maximum
deflection, and from this, constructing an equivalent trianguiar loading.

Velocity of the blast front was estimated uaing che formula

U =« C 7 + Gp
oy 7{14. 7
where C_ =« 1,117 fpa is taken as the ambient sound velocity ahewd of the Liast, xmd pg, 18 the

peak sldg-on overpressure. It (s recognized that C, varies with stmocpheric conditions
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Table I¥  Compuier Input

Type s _‘-;
£ bt Definition M ed Predicted
Data | Sym easur redic
Valuss Values Units Arch
d, Depth of cover at cyown 8.00 8.00 | in, All
g r Radius of the arch 15, 15.0 in. All
=]
’§ b Widih of che footinrs 1.%4 1.25 in. All
@
Es H Helghi of the footings 1.88 1.875 | 1n. All
® m Mass of ihe arch and G. 145 0,486 slug/ft CA-1
g} footings
g i Magrg of the arch apd 0.780 0.48 slug/ft CA-2
footings
m Mass of the arch and 0.737 0.46 slug/ft CA-3
footings
Py Effective neak averpressure a3 85 psi CA-1
Pe Effective pexk overpressure 60 80 psi CA-2
® Po Effsctive peak ovorpressure 45 45 pet CA-3
[3]
& ig Effsctive duration 3% 82 msec CA-1
£ %
& by Elfective duration 59 97 meec CA-2
o
b
% Effaciive duration 45 118 msec CA-3
e 4!
! < = Velocit: of blast front 2, T00 2, 700 fpe CA-1
VOB
-
§ i Vetocsry of blast (ront 2, 400 2, 400 tos CA-2
¥ i
i L Yelocity of blust froat 2, 100 2, 200 tps CA-3
o T
i ! v Density of tack(li sotl 111 150 pef All
} K, Coeificient of subgrade 110 300 paL/in. All
) ‘ = reacticn and
s 210
roi
2{_ ; 4 i Angle of internal friction 34.5 38 degrees | All
PR -
bos ; ¢ i Conesion 0 0 none Ali
R
X k& Coellicier of lateral 0.32 0.32 none All
{ I osarth pressure
i
: i C, Veincity of shock front 1, 00O 1, 300 s All

i
£
£
i
:
i
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Denslly of the soll was deler ndned at the test site, ubing a segmenied box and the sand
drop method described in Appendix B. Trs most dense segmant was 111.5 pof and the least
dense zegment was 109.7 pef. The average density of six segmente was 110.8 pel.

The coefficient of subgrade reaction in Tabie IX 18 the ratio of the average pressure on
the battom of the footing to the vertical dispiacement of the footlag. The moeduius as & function
of time was obtained with a piot of thrust, from strain measurements at the 7- and 173-degree
positions on the arch, versus vertical deflection of the footings obtained from integration of
the velocity mensurementa. A piot ahowing the variation of the coefficient with time is given
in Figure 45. I may be noted from thia figure that there 12 no great variation in the modulus
during the period from 10 to 30 milliseconds when most of the deflection of the footings occurs.
This would lezd one to believe that use of 2 constant value for the modulus in the theory is
ustified. In selecting & reasonable coefficient of subgrade reaction, the mean value occurring
during the period from 10 to 35 mliseconds, when most of the deflection takes piace, might
be used. The coefficient is obtainable from the load-dellection curve of the footing, Figure 48.
Subgrade reaction pressure {8 found by dividing the thrust at the apring line per unit of length
by the ares of the fooling per unit of length. Both absclute and relative deflections are plotted
as determinad from the velocity gage measurements. I 18 interesting to note the difference of
the character of this curve as conipared with typical load-deflection curves from plate bearing
tests. 9 Inttially, the foundation 18 very stiff; then. at abcut 350 pal/in,, it appears that
punching commences and the reaction pressure drops off rapidly. The subgrade reaction,
Flgure 48, increases again at the same time the acceleration, Figure 43, goes negative and
rises until punching corresponding to the lower surface surcharge pressure (at 20 milliseconds)
develops.

Both the absolute and relative deflections are plotted in Figure 46 versus the subgrade
reaction to show how much stiffer the coefficient tased on the relative deflection is than the
corresponding value based on the absolute deflection. Secant modull (coefficients), based on the
absclute defleciion curves and accounting for the tneriia of the aoll moving with the footing,
are plolted in Figure 45. The inertia] component, based on a soil mass with a dlameter four
times the footing width, i{s small. From Figure 45, the mean value of the coefficient of
subgrade reaction, during the period from 10 to 35 milliseconds when most of the deflection
takes place, is about 210 pei/in, This is the value used in the computer program. {omputed
results are alac generated for a modulus of 110 psi/in.

The angle of interaal {riction of the soi! was determined as déscribed in Appendix B.
Cohesion was taken as zero, because of the dry condition of the sand, The estimated coefficient
of iateral earth preasure was based on triaxial tests of a similar material. Stress wave
velocity in the soll was determined by using the time of arrival at the free fieid velccity gages
and the known distance between them.

Computer Output. The computer output, composed of footing deflections, velocities, and
accelerations, is plotted with n:easured data i1 Figurss 30 through 43. Curves labeled
'theoretical” were obtained from the computer, using measured input; curves labeled "'predicted”
were obtained before the test frormn the computer, using estimated input data. A set of curves
showing the interrelation of the dominant parameters is given in Figure 4’

Theoretical versus Experimental Results

Using the constante determined as previously indicaied, the computer program was run
to obtain theorstical data for comparison with tne experimental resuits. Theoretical and
experimental data are giver in Table VII and in Figures 30 through 43. For a cosfficlent of
subgrade reaction of 210 psi/in,, the experimental vaiues are larger than those determined by
the theory. Use of a coefficient of subgrade reaction of 110 psi/in. gives computed data that
agrees well with the experimenial resuits. The jatter data is also tacluded in Tabie VII and in
Figures 3C through 43.

The vaiue of 110 pst/in. is the coefficient frcm Figure 45 at a time equal to 67 percent
of the Uime 10 MaXimum dispiscemment. [t 18 the lowest vilue that could possibly De justifled.
Fxcep. for the first few milllseconds, the coefficient of subgrade reaction {8 considerably less
than the initial tangent medulus of 300 psi/in. determined fromn the static plate bearing tests.
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Figure 45. Dymamic coefficient of jubgrade reaction.
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Figure 46. Subgrade reaction versus dellection.

Agreement between response and the theory was best for arch CA-3, the arch furthest
from ground zero, and was progressively worse for the closer arches. Arch CA-1, the
closest of the large arches, rntated considerably, although this rotation was not predicted by
the theory.

From the 3-inch plate bearing tests described in Appendix B, the coefficient of subgrade
reaction was found to be 300 psi/in. The corresponding coefficient for the 1, 24-inch-wide
footing "vould be expected to be greater than 300 psi/in. because of the narrower width and the
fact that the arch footing 1s subjected to a surcharge pressnre. As previously stated, however,
the effective coefficiant of suograde reaction from Figure 45 is only 210 psi/in. The reason
i{s that the latter value {8 based upon absolute rather than relative displacements.

To explain further, consider a semi-infinite soil fleld alone. Application of a surface
overpressuse will cause di ‘crmation much the same as described in Reference 9. This action
may be thought of as a load on a giat spring, although probably a nonlinear one. Relative
uried aech footing deflections, in effect, are superimposed on the motion of the free field.
Thus, the effective coefficient for defining absolute body motion should be the equivalent
coetlictent of a series spring system. As is well known, the equivalent spring constant of two
springs in series is the product of the spring constants divided by their sum. The resulting
squivalent spring constant iz less than either component which accounts for the low effective
coefficient of subgrade reaction obtained from Figure 45. It is important in designing a footing
for a buried structure that a coefficient of subgrade reaction (or the equivalient load-deflection
: elation) based upon absolute deflections is used, instead of one based on relative deflections

if 1bsolute deflections are of dominant concern.
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Examination of the theory in the context of the experimenial resuits and other recently
gained knowledge indicates that the theory as formulated could be improved in two respects:
(1} the coeftictent of subgrade reaction should not be taken ag a constant; the true load-deflectio:
relation should be used, and {2) the arching term shouid be a function .| deflection.

The dynamic or static load-deflection relation of &« bearing plate or footing on noncohentve
aoils can be represeniad analytically by au exponentizl aguation of the form

P = C?a 3

where p o= anlt load on the plats or looting

deflection of plate

G «
]

constant
a = exponent, a constant
For soils with cohesion, the corresponding relation would be of the form

ci{5%)
N
p = ——y @
1 +(—¥-—)
Ym
where Ym = maximum plate deflection
C, = constant

1

A recent theoretical study of the classical trapdoor problem has shown that arching 18 a
tunction of deflection.4 By treating the soil as an elastic material, it was found that the
percentage of the surface load carried by arching might be expressed as a function of
b/h, and x = ph/yE, where 2b i8 the width of the trapdoor, h is the depth oi soil cover over the
door, p i the uniform surface pressure, d is the deflection of the trapdoor, and E is the
modulus of the soil. Results from the theory show that Polsson's ratio has a negligible effect
on the arching.

Although the theory was developed for the trapdoor, it is applicable to the burled arch
since the arch may be treated as a curved trapdoor insofar as arching is concerned. Empirical
fits of the plots from the cited arching theo may be written in the form

Vl -b1 -c ,/x
pr =ax ‘e {5)
where Vl = arching shear
r = arch radius
‘l’bl'c: = constants depending on b/h

The other terms in Equation § are as previously defined.



Incorporating nearly exact relations for the load-deflection characteristic of the sotl and
for arching should bring the theory in conformance with experimental behavior. Whether or not
it would be worthwhile adding these terms, with the attendant compiication, {8 argumentive in
view of the wide variation in soil properties expected at a given Instaliation in the fleld. For
the present, at leas{, i shouid be sufficient to use ths theory as currently defined with an
equivalent ('ie(:»ant) coafficiant of sungrads resstion to acecunt for the rélatively reduced
resistance of the sofl, once punching has been initiated. Even with a more sxact theory,
prediction of deflections within very cloae ‘olerances still could not be expectad, because of
the nature of soil a8 a struciurkl meierial.

Consequences of Observations

ks SRR <

On completion of an axperimental program such as Project 3.4, it should be determined
what information can be expected from the test results that will aid in the design and conatruc-
tion of full-size buried structures. Most importantly, the experiment shows that with the
proper input parumeters, body motions can be estimited with reasonable accuracy. Beyond
this, the experimental results and accompanying theoriea provide basic irformation needed for
a theory to define the optitmum footlng width. Informaotion also is provided which demonstrates
the nature of the moments and thrusts induced by traveling-blast loading and, consequently,
information on the nature of the ioads carried by the soil in arching.

The tests provide a basis of judgment regarding what relative deflection may oceur
hetween the footing and the floor slab and between the footings and the free fisld. An
itmportant aspect of behavior ig that the floor motions may be a fraction of the body motion of
the structure itself and that the floor displacement will be about equal to the dispiacement of
the free field. Further, ubhservation of the acceleration traces gives the designer some
understanding of the nature of the shock input to a shelter, sithough it is emphasired that shock
input {s not readily scaled.

Crushing cof the amaller arches and denting of the larger arches by the ejects point up the
possible need for a missile shield over perscnnel sheliters, If a shelter is in the vizinity of
above-ground equipment or buildings that might be destroyed by a re:atively low overpressure
attack, it is possible that the debris created might {mpact above and penetrate the shelter.
Wherever such a possibility exists, considerat‘on should be given to the poasibility of providing
shielding from such missiles.

The physical evidence provided by the tie rod measurements furnishes positive proof of
the large lateral forces imposed upon the footing of a buried arch sheiter. The designer
should recognize the existence of such forces and provide suitabie gtruts to prevent ixrge
lateral deformations or rotation of the footings.

Perhaps most important of all, this study demonstrates that the body motion resuits
from the compression of the soil field and from the relative deflection of the footings with
respect to the sofl fleld. Thus, an appropriate coelificient of subgrade resction should be used,
depending on whether the absolute or relative deflections are being determined.

NERP

Deficiencies of Work

Close controls were maintained over the material properties and the instrumentation and,
in general, t'e experiment was considored most successful., The small uninstrumentsd
structures were lost due to crushing by soil bombs from the ejecta. In addition to this
unpredicted occurrence, the only sericus data loss was due to failure of the velocity gage on
the instrument bunker. Malfunction of this gage prevented stablishment of a postshot bench
mark within close praximity of the structures from which survey data could be ocbtained. The
firs. order survey data brought in from beyond the range of influence of the biast proved to be
tro inaccurate to be of use.

In addition to the forementioned difficulties, the vertical rod from the crown of the
structure to the soil surtace, used for defining a preshot and postahot eievation of the crown
of arch CA-2, cauaed difficultiea in interpreting the momenis near the crown. R was apparent
from the strain gage reading that the soil abov~ the crown of the structure experienced
considerable motion with respect to the crown uf the structure, inducing extransous moments.
It is apparent that no such appendages should be fastened to the shell of an arch structure. The
difficuities mentioned are considered the only deficiencies of the experiment; however, #t would
have been most des. rable to have obtained soil-atructure interiace pressure messuremsnts.
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FINDINGS AND CONCLUSIONS

From analysis of the data of the four large arches and from comparing the results with
the theory, tt was found that:

1. The measurable natural periods of the uncovered arch agreed reasonably well with
the theoretical values.

2. Momeats and thrusts induced by backfilling were negligibly small; however, ihe
crown defleclion was significani.

3. The natural period of the covered arch was much less than the corresponding natural
period of the uncoverad structure,

4. The peak overpressures were almost exactly those predicied.
5. Actual positive-phase durations were approximately 40 percent longer than predictions
8. Body motions were larger than predicted.

7. The relative d.splacement between the {ree field and the footings in the quasi-static
state was about 57 perce it of the absolute footing displacement.

8. Asymmetric response of the shell was evident; moments on the leeward side were
alout 30 percent greater than those at corresponding positions on the blastward side.

8. Thrust variation around the arch was fairly uniform; in general, the thrust was
less at the crown than In the vicinity of the spring line.

10. The thrust data indicates that interface shears were deveioped.

11, The velocity guges used to measure footing deflection proved to be excellent
motion- sensing devices. Peak absolute footing displacement for arch CA-2 was 1.8 inches.

12. The peak Nioor defloction was about 40 percent of the footing displacement. Peak
floor deflection occurred at avout the same time as the maximum footing deflection,

i3. Forc s in the footing tie har were large; an initiai tension phase was followed by a
much larger compression phase.

14. Body motions from the unmodified theory did not correlate weil with the measured
data.

Comparisons of the results of the Project 3. 4 tests with the theory revealed areas in
which the developriient can be improved. The theory, as set down in Appendix A, can be
expected to predict deflections correctly only 1f a suitable modulus is employed. It is evident
that a correct representation of the soil-arch system can be achieved vilv by expressing the
arching shear as a funclion of deflection.

The experiment was successful in permitting achievenient of primary and secondary
cbjectives. Tertiary objectives of gaining information on the effect of depth of cover and
feoting width were not achieved because of failure of most of tue vight small arches under
impact from the large clods of hard clay in the ejecta.
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LIST OF SYMBOLS

Dimension
A area ¢ * 20il between failure planes L2
a constant exponent -
b footing width; one half of trapdoor width I
al, bl' €5 constants depending on b'h
c,'C() constants -
Cn constant corresponding to nth mode -
C velority of sound tn the soil Lrt
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Dimension

¢ damping coefitcient F’L':‘I‘ -
C  cohesion FL-?
D{} linear dimensions L :
d a depth of cover 18 j
E moduius of slasticky FL"?
£  acceieralion of gravity LT 2 ;
H fouting depih L ;
h  depth of goil cover L §
! impulse for an elemunt of arsu of unit width and length x Fri? :
T moment of inertia of mass of the structure and soll acting with o
the structure in rotation
i() {impuise coefficient dimensioniess
stiftness of foundatiou sofl FL!
k  coefficient of lateral earth pressure dimensioniess
k, coefficient of subgrade reaction FLd
k, subgrade modulus for a 1-foot w ‘dth of footing FL? '
m  mass of arch per unil length including ribs and footings FL ir?
m,  equivalent mass of soil acting with a footing per unit of length FL %2
m, mass of soll per unit length between failure planes >ty I-"’I..'z’l‘z
m, mass of soil per unit length batween fatlure planes {t<ty) FL 22
p unit overpressure; unit load on plate or footing 1"1-».2
P  average pressure over a distance along the surface between failure planes FL’ 2
p, Peak overpressure FL’:
@ total icad on a 1-foot length of the surface over ihe arch FL- ]
r  radius of arch L
T natura period of nth mode ser/ovele ;
t time T
tot-t, T x
t("i time for shock front to reach various points on surfiace T :
t effective {iriangular) duration T
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thrae to maximan footing deflescton

Trm-pral «

velooiiy of air shack LT

tostal 901! shear above the focting per ool of length on g vevticsal Fi.” !

piane through the spring iine

paiy ¥ dtmensioniess
S=innees aiong =oriace {rom origin of coordinaic sysiam i.

rean vertical displacement of footings, deflecticn of plate L

or frap door

total deflection of blastward footing 1.

total deflection of leeward footing L

maximam deflection of plate L

footing defiection due {o rofation L
deflections due to long- duration loading L

radial displacement of point on arch L

angle of soil ghear plane with horizontal degrees
cuefiicient in Jdisplacement equations T2

angle of soll stress front with horizontal Jdegrees
coefficient in displacement equations 2

mass per ~nit U arc length FT2L'2

unit weight of soil FL'3
tmpu.se per unit of jength transmitied to the sotl-structure system FTL']
transiatlonal damping factor dimenstionless
rotational damping fastc. d:mensionless
angular displacement radians

fnitial angular velocity

snefticient in equation for mass of soil between shear
fatlure planes

{t, 1, 2,} coeflicierts in | :ad relation

coeffirient .1 equati~ns for initial velocity

nondimenriona! iransiation

radians ‘sec




inithel (2aamislioned velocily inondimensional)
mssadlsenelonal Limes

angle of internal Ivicilon of soll

Nwiutal (raneialivie] freguracy ol suil-siructure svsiem
astursl {reguancy of nth mods

aatural sngular frequency of soll-siruriure system
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HODY MOTION THFDIRY

b

J. R Allgood and DL A, CaDeppo

WTRODUCTION

This appendix prosents an approxinats method for determining the defiections of the
footirgs of & buried arch subjected 1o blast lcadng. The method prosenied is in g form
sullable for use by {he designer. -

The foundation of a buried structure musi be designed so that it has sutficient ioad
capacity and also so that the d:Dections will not exceed some prescribed maximum value.
Usually, it 18 specified {nat the maximum footing deflection shall be less than 2 inches.
Limiting the defleciions prevents rupturing the witer seals and trexking fuel and other tines
entering the shelter. Ixtreme deflections of the structure with respect to the floor could
cause gevore damage o partitions and internal fixtures and equipment, Multiple loadings,
alsc, could cause undesirabiy large accumulative deflections. These factors justify the jogle
of Himiting oxximum deflections from a single loading to less than 2 {nches.

The problem is how to design the footings te assure against excessive deflections. A
promising method has been proposed, 10 but it presupposes that the load on the footing 18
known., Determination of the icdd 18 one of the more difficult aspects of the problem. A
mathod also has been proposed which, in effect, pericils determination of the load on a buried
strecture, 11 but it does not account for the traveling characteristics of the blast. Refinements
to the latter method have been proposed which are fntended to more accurately account for the
siress-strain characteristics of the soil. 12 The development presented here attempts to
provide a means for determining the loading under traveling-wave conditions, With the loading
kmown. pradiction of deilection becomes more realistic.

The following ireatment is limited to shallow-buried arches, however, with minor
modifications, the method may be readily adapted to other geometricai forms. These shelters
are presumed to be in overpressure regions of the order of 100 psi, although refinements are
suggested for adapting the method to higher overpressure regions.

FUNDAMENTAL CONSIDERATIONS

The system under study i8 shown schematicaily in Figure A-la. As an air shock traveils
across the surface, stress waves are induced in the scil fleld. For purposes of this report,
all induced waves except the dilatational wave are assumed random and negligible. This
includes the shear wave which lags the compression wave by a very few milliseconds at shallow
dejptha. The air-inducad dilatational wavs front is taken as a plane perpendicular to the
direction of travel of the sirees wave and inclined at an angle, 8, with the horizontal. 13 As
the wave travels downward through the soll, dispersion takes place and the rise time of the
front increases. For thie reason, it {8 referred to as 2 stress wave and not as a shock wave.

As the wave front envelopa the structure, it would be sxperted that, if the overpreasure
18 large enough, shea: planes would form as indicated in Figure A-ib. This presumes that the
compiiance of the arch-foundation system is less than that of the swrrounding sotl. The
brezdth of the mass between the faflure planes would increase witl *ime, as shown in
Figure A-lc, until the structure was completely enveloped. Thereafler, 4 rapid transition
would ensue and the fallure planes for the remainder of the loading wuuld shift to a nearly
vertical position as indicated in Figure A-1d.
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Equations exproessing the variabie breadith mass for Inclusion in the aguaticns of naotion
hecome ynduly {rvelived Alen arr M  vhanry s -

with depth, as has been done in other studles, ! compiicates formulation of Lr@ probjem. '5'.‘;(
iatter refinement 18 v wwarranted for shaliow-ouried atructures alnce the normal DEPBBUTE due
1o depth of cover 18 small compared 1o the normal pressure induced by the surface OVerprRsSsUre.
Te eliminate these and olther complexities and reduce the sy8iem (o a4 reasonable vt readily
tractable mode!, a numbe- of simplifying assumptions were Introduced.

The basic assurnpiions were as folluws:

AT try '*\p vartatinn

. The appiied blast Joad can be reprasenied by an enuivalent triangeiar ioad.

"

- .

S
.-

ne gifect of the siress wave {raversing {he sirecture is eguivalent (o an impuise
which imparts an {nitia] transiationa] and angulav velocliy ro the structure,

ureiy ricid hody motinne nenfar as drtrrmining the
Urely

3-8 11T

2. The siructuyre undprgosa p
Led p
is

defisction of the &o’cim,f,

4. The mass of soll between the filure planes can be {reated as g rigid body of
consiant breadih,

The sol coastitutes an elasgtic homageneous half-space. This only implies $aat the
8ol is elastic in compression; it is not considered to have any recovery ability.

w

Justification for all of the assumptions except the last one is fairly obvious, but number 3
warrants further coneidaration. Tt 1a accepted procedure that the foundation soil must be
densely compacted prior te casting the footings. For dense granular materiais, the stress-
strain curve i such that in most cases the tangent modulus can be employed in caleulations
when the siress is less than “out one-half of the ultimate stress. For stresses greater han
one-half of the ultimate alre. assumption 5 results in large errors uniess a secani nodulus
is employed or the theory i8 modified to account for the nonlinearity of the stress-strain
properties of the soll. Experience with laterally loaded piles indicates that such refinement is
mot usJally justiried and that it is satisfactory to employ a secant modulus, 14

In addition to the itemized assumptions, the conventional relatjons of static analysis are
considered applicable to the soil. Also, the usual interrelations between blast parameters
are employed. 15

ANALYTICAL DEVELOPMENT

Procedure

There are two distinct phases of behavior of a2 shallow-buried arch: (1) the action duriag
the time in which the stress wave is erveloping the arch, and (2) the motion thereafter.
Develping relations to define the behavior in the sacond phase is relatively straightforward
because the loading on the structure is symmetrica and directed vertically downward. It is
apparent that if the initial translational and rotational veloc.ties, due to the behavior in the
tirst phase, could be determined, a suiutfon could be achieved.

During the first phase, the load imparted ¢ e arch may be considered a8 an impulse
becuuse uf the short time required for the stress wave to envelop the structure. This faci is
utilized in determining the initial velocities for the second phas« solution. The procedure is
as foliows:

Needed geometrivaj resuiions are written.
The irnpulse 18 determined.
Initial velocities are derived.

1

2

3

4. An appropriate load function ie set down.
5 A relation for the resistanc+ is develuped.
6

The equation: of moilon are formulated and soived.
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Coeesmipirical Heiattoons

From Figure A-2, the genmetrica! @ ~allons uf the syster may e determinad. In thesse
relationt: and in Figure A-2, 218 the amgle which the strass Iroml makes «4h rhig horizonial
and o ts the angle thal the fallure planes Y and D make with the veriical. The faijure piznes
form an angle of 437 + &2 with the horizontall 8 where ¢ ia the angle of {riction of the soil.
Linear dimensions on the surface of the soll are designated by x's with subscripts; ['s with
sublscripts deilne distances {n the sl mass. The radius of the semicircular arch and the
depih of cover over the crown are darignaisd by v uned o, resparctiesly,

The tmeic geometrical relationshios are; )

D = (r+qseca - riana
. 0

D, o= {'r +d jesef - 7 sina/sing

Dz = {rfdQEseea

Dy = (redc):sc f- reot 8 ]
D4 = r o+ ¢ 8in (f-a)

DB, = rtana

X, = (rodo) tan a

Ty = Ir 4 (rodo)tana
x_ = r{l+cora)/cosn

xg = r{l-tan §2 + tana} - d {tan a+ cot &)

x
Y

r{l +cose +tana + {1 - sina) cot 8] + d_ (tana + cot §)

Nondimenstonat plota for finding magnitudes of the parametrrs x5 and x5 in terms of the
angiex & and 8 are given in Figures A3, A-4, and A-5. These fi ures materially aid
computation.

It has been tentatively concluded that for shallow depths, 'the ahock front (stress wase)
in soii may pe considered as a plane perpenauicuiar to the direction of travel of the shock wuve
and fi.rlined at an angle, 8, with respect to the horizontai as given by ¢ equation
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Determination of Impulse

Oonsider the impulse of the load acting on the mass between the fallure planes,
Figure A-2, as the sol] siress wave travels the distance 94, The pressure it any point, X,
beldnd the shock front is

pix, 1} = Py £{£) {A-2}
¢ -t -G (A-3)
where U = velocity of the air shock
t = time; t = Latx = O
—1
—
_— 3
i ———
— — T Lo
—_—— —’?—- .
— T A5° &
—— — 2/[ ;
o x x| ‘ *8 o xq 5»
—
b \
d, o B
\ -~ failure plore
\ 94 stress waove front

Ay 02

e

Figure A-2, Geometry of system.
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The wotal tmpulse of the lowa per undt of surface area at any point x behind the shock
front & {ime t is

. X
41 U
3. * By efﬁ}d {A-4)

fHeoce, for an el .ueni ui nren of unfl wickn uid length x, the rotal impuse is

-
= pg Jy ot (&) atay (A-5)

Since an equivaient triangular loading of duratton t d has been assumed

e 1 - {g& 5ty {A-8)
Substituting Equation A-8 in Equation A-5 and evaiaating the integral gives
2 2 3
X I {2 = x
I = p Jtx - - Emtx -~ = s )} (A-T
o 0 ﬁd( U Eﬁ
This 18 more 8imply expressed by letting
x * l—Jgt_
d
(A-B)
Tr = .&.
ta
Then the impulise becomes
2
p_ Ut ;
I = Dsd (B-rr - 33, 3By +3-r7'2-73) (A-9)
x x x x X

The impulse tranamitied to the soll-structure system as the soll-struss wave traveis the

distance D4 in

a1 = tlx .t} Cufx it
) ra Fi A '

(A-10)

AL, = l(xa, ty) -1 (‘ﬁ' tﬂ) if %g < %y




75, OF 7, when x = X,, Xg, and x,, and noticing that /g = x,/Uq4 t4

Designatt g », 287,
when t = .4, etc., the transmiitad impulse for 8 2 1, becomes

AT pomdz fr - v} (6 - 37 - 371, + 3¢ } (A-11}
i g gfv:i\?‘r - 5)\ T 9Ty - 9T ¢ "'a}u ¢
and for T < ':ﬂ
Ut 2
a1, = —9'5-1 [Gryfra - 31*‘“2 - 37,0 T+ 37 3 raa - 372 + r;i {(A-13)
Or, more simply
pomdz _
Al = ] i (A-13)

where i = 51 when > Ty

8

lalzwhen'r < Ty

w

and 1y and iy are, respectively, the terms in brackets in Equations 11 and 12. Charts for 1;
and ip are given in Figures A-6 through A-13.*

Formulatfon of Inttial Velocities

Equations for the initial velocities may be formulated by equating the impulse given the
ryatem to the change in momantum. The only difficulty in accomplishing this is in deciding
just what constitutes the system. Ccortainly the structure and the soll between the shear planes
above the arch are a part of the system but that is nat all; the soil in the neighborhood of the
footings which acts with them must also be accounted for. Preliminary studi~e suggest that ii
is sufficlent {0 take the effective mass as that of a cylinder with a section diameter four times
the footing width.

The effective area of soil acting with the structure 1s indicated in Figure A- 14 togsther
with the coordinates employed in the impulse- momentum equations., These squations fnr the
initial velo~ities are

mlhn = Alcosa - Ndt (A-14)

(m + ﬂme) 'yo = Ndt cos a (A-18)

*Linear interpolition between these charts may result in significant error.
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iéo = Nt sin{8 - a ) {A-16)
where 6, = Wass of soll between the {ailure planes
m, - eifeciive mass of Gl acling with a fuciing as shown in Figure A-i4

N = resultant force on arch

TR B SRR o

T = mass moment of inertia of arch and soil acting with the arch in rotation
The resultant foree on the arch, N, is assum™? i act at the point at which the siress
wave trst contacts the extrados. Under Lhis assumption, the extremes ol the region and line
of action of the force are 2s indicated in Figure A-i5. As showr, the extremes of the angle
of friction of soil are taken as 25 and 45 degrees and the extremes of the angle 8 are taken as
14 and 39 degrees. These ranges are appiicabie for the overpressure reglon from 100 to
200 psi.
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In Bguation A-14, the mass of soil between the failure planes is
Yy A
m, = T {(A-1D)
where 75 = weight of 8oiil per unit of volume
A = area of vertical section of soii mass between the failure planes
This area may be expressed as
D
- (r-a)r T Vs
A=y (r + do) - 5~
or more conveniently
(A-18)

cos a

A = r2“(l +cosa)  (m-a) _ tﬂﬁgi . ;g(lc;sc:s_g)

A=rz/\
a

)‘a being the term in braces.
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Thers 18 a simply gaumetrical relationshlp between z, 4, and ¥ from which we oldain

v

2 =y cosa <+ i rain(f-a) (A-19)

Using this relationsnip, soiving for Ndt from Equation A-14, and gubstfuting it {n Equations
A-15 and A-168 vields the set of equations

{ . A . X ‘o wis . 1 5 ~n
Pt 2;:;@ Iy S0 ﬁ}ya * gm}f"w&& s g - oy, = dicos o LA~ 35;

-

Emlr cos a sin (8 ~a)! 570 + i! + mlr)' ain‘{ﬁ - ot} Gc = r4fain{g - a) cop o {(A-21)

Solution of these squaticns 15 readily accompilished by determinants to give

2
= 0 al COB <
b *F = rmo 3, p (A-22)
1im + 2m r“f{m » 2m }sin" (8 - o)
‘—ﬁ'l“"g + cosza + (A - 3%) P
§ - AL slalf- o) coen — (A-23)
G rmy b m o+ ng 3 r (m + Zmﬁlﬂn {8 - a)
+ cos o + .
[(m+ 3mg)e™ | ™ : J

For practical purposes, the cente: of gravity of the mass of the arch and the effective
footing 501l 16 congentrated at the distance r from the center of curvature of the arch, thus,

= (m + Zme) r. Using this relation, the denominators in the praceding two equations have
the common term

- 1 .
ol B m + 2m 2 2 (A-24)
———= + cos" a + stn° (§-a)

mg

Utilizing Equations A-13, A-17, and A-18 with Equation A-24, Equations A-122 and A-23 may
be expressed as

. pUt.g /7.
& = -2 da (%)woaza (A-29)
er.r
. PQU‘;K % ; sin (8- a)
80 = . ra (yg)lcoaaun (8-a) = b cos a (A-20)
a8

(i

i
4
%
:
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Thes e are the velocities needed to solve the equations of motion governing the ascond phase of
behavior.

Second Phase Motion

I formulating equations of motion, the Inportant faciors influenciig deflecijor of the
foundation mu~t be determined. R has been suggested that it is neceasary to 2onsjder the
sireas wave generated by the footings to get a realistic prediction of the motion. 1¢ Ons line
e of reasoning indicates that this is not true.

Tests on buried model archesd show that the time to maximum displacement of the
structure ia far in excess of the time required for the 80il strees wave to propagate beyond the
vegion cccupied by the arch. Thus, a solution sufficiently accurate for design purposes should
be obtainable without considering wave propagation.

The dominant parimeters are thought tc be those indicated in the model of Figure A-18,
An equation of motion and a solution for this modei can be developed if the affective mass which
acts with the footing, an appropriate foundation modulus, and r suitable damping coefficient are
availabie, At prescnt, there is no comprehensaive information on these quantities, however,
analysis utilizing extensive dynamic footing test data is being made at the Waterways Experiment
Station to determine the character of these parametere. [t is expected that the effective maas,
the foundation modulus, and poasibly the damping may te functions of displacement and time.
For purposes of the present development, nevertheless, these parameters will be considered
as constants.

As discussed later, some pertinent information is avaiiable concerning damping, and
methods are available for computing the modulus of subgrade reaction. Expressions for Q and
Vi also will be required to coipiete the eqguations of motion. In the following paragraphs the
equations of motion are presented with each of the cited factors considered in turn,

R TR e o

WA=k
P TSI

Figure A-15. Model for buried arch.
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Equations of motion for t > ty. Withy = rfand k = bk, the cquation of vertical
motions is
Ve Q- i
(m+ms+ime}g'+2c£+m-1——;————» {A-2N =
2 ¥
3rr d 2
s —2 Ly, on
My g ((1 * r) Tl (4-373) %
Here, the arch is assumad to be sufficiently long so that the influence of the end wall foundation
i8 negligible. For a short structure, the shear on the vertical planes of the end walls must be
included.
Agsming that the mass of the system may be considered as acting at a distance r fiom
the center of curvature of the undeformed arch
= 2 2 l
16 -« 201" + 2kr'e = 0 {A-28)
With the relations
2 2k :
W - (A-39) ;
m+ m + Im ;
m + m' + m‘
§
i
3¢ 1
3"“ = ‘—"‘_'m *——m‘—m' "y . §
and ¢
2 2k
(A = -
= m, v TE, (A-30 ‘
9 m + m‘ + me b
3c
Ings = @+ m_ + 3m_
] m+ m, o
Equations A-27 and A-28 may be expressed as \
; .3 Q- v, (A-31) |
t + Inwl+w t s 31
r (m +m, 4+ ¥m .j
6+ ngwé -+ w8 = 0 (a-32) 3

19 H
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It may be noted that 2mg is used in Equation A-30 instead of m,. This approximation
simplifies subsequent relations but results in a negligible error because m + my >> m,. In
these equations, v and Ny, &re interrelated, however, because of the ideniical angular and
ranslational frequencies

n =1, (A-33)

% now becomes necessary tc evaluite the undertermined parameters,

Load and soil shear. The driving force shown in Figure A-15 s

Q = erx {A-34)

where P = average pressure over X1 Xg

The preasure at any polrt, x, behind the shock front fort > ty is

£ -t
plx,t} = pg ( T x) (A-35)

Lett =t + ty, then

t t
t
p(x,f)gp(l .<l+.§_- )
o td d

d
ty tx
but — =T, andy— = T
td 4 td x
hence

. {
pix, f) = P, [(l -, 4 -rx) - t—d
The av:rage pressure over X1 Xg then is

. t . .
P = )\tp°<I - _f;ﬁ) X IR 4 -ty (A-38)

o + T
. . X1 x2 ;
where LI B ( % ) {A-38a)
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Assume that, for the deptha of burial of interest, the vertical soil strese sguals the
average surface pressure over the arch, The shearing forcs in the soll on a vertical plane
through the spring iine per unit of width is

V= @€+ ifmum(r + do) {A-37)

where ¢ = soil cohesion
k = the ccaffictent of latera! earth preasure
Thus, the numerator of the right side of Fquation A-31 bacomes

_ ; = d
Q - zvl"ntpoé'f;i;)' 2re (14-;9)

' t 45
Alternats!; expressed, Equation A-38 becomes
1 ,
Q- 2V, = 2rp, [(Atx\i - Az) - A i;] {A~39)
where
d
A, =1 - E(1+—9)tan¢ (A-40)
1 . T
- f d
e o
)\2 = p—o (1 + T)

Attention may now bhe directed to qetermination of the foundation moduius.

Foundation modulug. The foundation modulus is the ratio of the unit lorf on a footing to
the total settlement of the footing and is commonly expressed by the reiation

kz = kl(gi'b_l) (A-41)

» the subgrade modulus for a footing width of one foot (usuaily determined from a
plate bearing test); here the dynamic modulus with the appropriste surcharge
prassure should be used.

where k‘l

b = [ooting width (ft)

With kz, Q, and V; determined, all of the necsasary quaniities except the dsmping are
available for the solution of Equations A-31 and A-33.
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Dam . The modal arch tests previously referred toz indicate that dampiag of the

body motions is near critical. The oscillograms show that the structure deflacted to a2
maximum value and experienced no further oscillation, although there was a small elastic

recovery & the load was removed.
Measurements from the Operation Plumbbob 3.3 structuree zlsc indicate that the damping

was near critical. For present purposes, therefore, i is considered suificiently accurate to
employ the soiution of the equations of motion for critical damning.

o P BB Yot s « o

Sojution of Myuations of Motion
With Bguxtion A-39 in Fxyuation A-31, the governing equations of motion are

RIS

T+ Inwd 3 . 2, A L = & (1 +ft) {A-42)
£+ Bnwl 4w B, ¢ ame)[('\t"l vAq) - *ud] =al1+p -

§+amud v w0 (A-43)
| with initial conditions
HO) =~ 8(0) = 0O {A-44)
o) = &
6(0) = éo

Forn = ng = 1, the formal sciutions of these equations are

& B -wi a : B\l -wi A-45
Es“%(l»!ue)(l-ewt)*EI%+[€°'¢%(]‘5)}9”} ( )
and

o -4t A-16)

where _ p (A 1\3
P m°+i:ni - i%‘e (A-47)
] A (A-48)

#= et - )
C-t-t, t, St st (A-49)




Equations A-45 and A-48 hold only for ¢ and 6 less than or equal to their initial maximum
values because of the nonlinear character of the soll.

For the most severe load conditions, mamely long-duration loading, it is possible to
express the maximum deflection of the footings much more simply. Such a simplification is
Jossible since the soll may be considersd to have negligible recovery or rebound ability,
especially ut higher stresses. Because of this, it i posathie to superimpose parts of the
sclution of the squations of motion by algebraic addition.

The regponse of the buried arch to a traveling wave may now be broken down into three
parts. The response due to the load, with rerc initial conditions, is essentially the peak
defiection under a static load of the same peuk magnitude. That is

v :Q-Wl_i’or'vl
pit)mx 2k k

(A-50)

Differentiating Equation A-46 and equating the result to zero gives a time to maximum
deflaction of 1/w,;. Substituting this in Pguation A-48, the maxiioum dispiscement, L —
caused by the ini angular velocity 1s

. s,
900 max ™ &0 (A-51)

A simtlar expression results from Ejvation A-45 on employing the described procedure with
a = @, thus, the maximum deflsctions 2f the footings for long duration loading may be
axpressed an

v .2 1,202,_2° (A-53)

Fer short-duration loading, the deflection rmay be computed with the 2id of Equations
A-45 and A-48. Again, 6 and ‘mu should he used so that

=rt et rom (A-£2)

Y mux
Relatfons A-52 and A-53 are readily evaluated once the initial velocities y, and 6, have
been determined. The impulse parameter {n th2 t=pressions for the initial valocities,

Equations A-325 and A-26, can be readily determined from the charts of Figures A-8 through
A-13,

Discussion

Judgement regarding the infiuence of the dc ninant parameters is enhanced by a study of
Equation A-52. It can be simplified by lumping those terms which are constant or only vary
through & small range for the pressure regions of interest. Using this appromch, fur a
cchesionless soil, the dominant translational part of the defiection can be expreszed an
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y,  Ea=-l1 . f:tamb(l + -2 (A-54)
f 2k 3 d i
max z r r él + _9 éz

r

Here it is seen that the footing deflection is primariiy dependesst upon the peak applied load,
the foundation modulia, the angle of frietion, the coefficient of lateral earth pressure, the
radius of the arch, and the depth of cover over the crown. The manner in which these terms
affect the deflection is feirly evident from Equation A-54.

The first two {erms are approximaiely the deflection which would result from a siatic
loading while the second term representc the contribution 2ue to the dynamic naturs of the
loading. For a given subgrade modulus and depth of cover, ths dynamic component decreases
as the radius of {be arch incresses. This implies (hal, relalively speaking, the body motions
are proportiomiiely less for large structures than for small onen. The second term alsv showa
that the subgrade modulus 15 not nearly as important in limiting the dynamic component as in
raducirg the static component of body deflection.

The complexity of the traveling- wuve pi-oblem has neceasitited mking numercus
assumptions (0 achieve a solutici. Several uof these assumptions are not validated by adequaie
sxperimental 40t and may require modification as batter information becomes avallable. The
development does cffer a reasonable approach, however, tc which refinement can be made as
warranied. One recuirement, which could easily aid fruitfully be made when the depth of
cover s more than a few feet, would be to employ the method of Reference 11 to replace
Eguation A-27 and its solution.

No attempt was made to determine the horizontal body motion of the structure since this
deflection will generally be relatively smail and of litlle consequence in the prassure regicns
considered, except possibly as input for shock isolation studies.

SUMMARY

The development presented permits achisvement of an insight into the interrejation and
influence of the dominant parameters controlling the body mtions of a buried arch subjected
to a traveling wave from a nuclear blast. Correlation of the theory with experimental resuilts
from the Operation Snowball Froject 3.4 arches is given in the body of the report.

The maethod of this appendix shouid be considered as a first approximation for the
prediction of body motjons. Refinement of the theory to include the dependence of the arching
shear on deflection and replacement of the constant coefficient of subgrade reaction with the
dymamic load-defiection relation, as suggeeted in the main text, would refine the theory.
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Appendix B
BACKFILL SOIL
by
L. W. Helier

REQUIREMENTS

The burial of the arches for Operation Snowball required that four flexible,
30-inch~diameter arches 5 feet long and eight Oexible, 12-inch-diameter arches 2 fest long bhe
encompanaad within several fisids of dry sand sxhibiting consistent enrinsering nronertien.
The dimensions of the excavated pits and the soil fields placed around the various arches are
described in the main body of this report.

In order to compare the behavior of the 12 buried arches, it was necessary that sach of
ths archer he embedded in a like manner and that the material surrounding sach arch possess
t" e same load-deformation churasteristics. Some of the important properties of the fn-piace
sand field required to insure similar enginesaring characteristics ire as follows:

1. The sand should be kept air dry at all times. The influence of roisiure on the
dynamic properties of sand has been documented. 19

2. The void ratio or denaity of the sand should be constant throughout the entire sand
field. The density of a d%, homogeneous, oarticulate material grextly influences

its engineering bebhavior.

3. 1Inorder to attain homogeneity throughout the artificiall~ placed soil field, there
must be no segregation of the sand grains. Segregation produces zones of
potential fatlure interior to the sand field as well as altering its angineering

properties,

METHODS OF CONSTRUCTING A SOIL FIELD

There are three primary methods of densifying an initially loose sand miterial into a
condition suitable for engineering purposes mame.y, vibratory, tamping, and sieving methods.

1. Vibratory methods of densifying a dry granular material are described in Referance 21.

Vibration i8 an excellent method of compacting roadbeds and fills when the loads on culverts
placed in the roadbed or structures adjacent to the fill are not important. Segregation is an
{nherent, although often surmcuntable, difficuity in this method. A vibrator has been used in
compacting a sand fill in previous NCEL tests.

Because of the unrestrained flexibility of the arches, the absorption intertace at the walls
of the excavated pits, the refllection interface at the compliant face of the arch, and the

possibliity of grain-size segregation, the vibratory method appearad to be an undesirable means

for constructing 2 homogeneous sand field.

2. Tamping methods can be used for the compaction of granuiar or cohesive materials
whenever the moisture content of the material can be closaly controlled and rnaintatned st tts
optimum vuive. Such control at the test site would obviously be impossible without extensive

earthwork equipmezt and laboratory testing.
Leads applied to the soil and thus to the unsupported flexible arches by the tamping

action would be a second prohibitive disadvantage of this method.
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3. Sieving methods for producing a dense granulag structure have been used for
laboratory studies in conjunction with small-scale tests. 42 Sjeving techniques appeared tc
olfer sgveral advantages over the praviously anumeraled deasification methods for lhe
circummtances involved in Operation Snowball.

When an wir dry sand is used, a dense, uniform, and homogeneous soll field can be
pliced with nons of the dynamic problems indigenous to the vibratory or tamping methods.
Reported warm, dry weather conditions and the avallability of unskilled labor for placing the
sol]l materinl at ihe test site were furtber considerations favoring the steving technique.

DEVELOPMENT OF SIEVING APPARATUS

The operating principles of the sieving method are quite simple. Sand i8 metered through
a series of sieves to produce a randomiy disperaed system nf free-falling grains. The
putential energy of each of these graing w'*h respect to the impacting datum 1 sxpanded as
theze grains strixe the surface of the sand and seek their Individual minlmum energy posliions.

A mingle-unit, developmental sieving device similar to that shown in Figure B- ! was
fabricated and tes.ed to determine the variables affecting the resultant sand densities. Leugth
of conduit hose (B, figure B-1), height of drop to the sand surface, A, and rate of sand flow,
Q, were the variables studied. With A = 18 inches, B = 7 feet, and Q = 0.5 cfm, ihe
resulting density was 107.7 pef. Changing A to 30 inches produced a density of 108, 3 pef.
Figure B-1 illustrates the effect of flow rate and drop distance on the sand density produced
whon B 18 reduced to 2 feet. A 1-1/2-cubic foot container was used for thesa tests.

A single-unit, prototype developmental sieving device was moved outdoors, fitted with a
8-foot-long, 3-inch-dameter hose, and carefully calibrated with orifices of 3/4-, 1-, 1-1/4-,
and 1-1/2-inch diameter. The flow rates and the resuitant densities for this saries of
calibrations are given in Figure B-3. The densities obtained with this sfeving apparatus using
the 1-1/2-inch-diameter orifice were only slightly higher than those obtained by vibratory
methode” in the NCEL simulator pit. Two triple-unit sieving apparatus were designed and
fabricated in 2 manner suitable for filling the NCEL biast simulator pit and the excavated pits
for Opsaration Snowball.

Mr. R. C. Sloan of the Waterways Experiment Station, Vicksburg, Mississippi, and
Mr. B. A, Donnellan of the Air Force Shock Tube Facility, Albuquerque, New Mexico,
provided the concepts for the valving and sieving components of the NCEL sieving apparatus.

PROOF TESTS

Proof tests were conducted in the blast simulator pit at NCEL to determine {f NCEL test
sand counid be pliced in this facility by the sieving method at 2 density comparable to that
previously obtained by vibratory methods.3 Figure B-4 shows the multiple-unit sieving
apparatus positioned for fiiling the pit during these procof tests. The avorage density obtained
for the vibratory method was 107.1 pcf. The average density obtained for the steving method
was 107.2 pcf.

PROCUREMEN) AND PROPERTIES OF BACKFILL SAND

The coat of procurement and transportal ion of NCEL test sand from Ventura County,
California, to the test site at the Suffield Exrertmental Station (SES), Alberta, Canada, for
backfilling purposes was considered to be excessive; therefore, Projects 3.4 and 3.2 purchased
sand from Kimmitt Concrete Limited, Medicine Hat, Alberta, Canada, through & joint contract
administered by the Suffield Fxperimental Station.

The material was taken from a natural alluvial deposit of the South Saskatchewan River
near Medicine Hat, Alberta. The natural sand was then washed and dried in 2 gas-fired
asphalt batch plant. After drying, all materia] larger than the number 10 sieve (2.0 mm) and
smaller than the number 200 sieve (0.07 mm) was removed by a screaning process. The
graded sand was then trucked to the test site and dumpaed or a protective plastic sheeting spread
over the natural ground. Additional protective sheeting was placed cver the sand and
sand-bagged in place,
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MECHANICAL ANALYSIS

Mechanica! analyses of the sand delivered tc the site are given in Figure B-5. The
variability in the analyses couid be due to the natural! occurrence of the sand or to the
ficreening process. The uniformity coefficient iz abour 2. 1.

Figure B-6 is a microphotograph of a tvpical group of sand grains {rom the material
used for backfilling, A millimeter scale is shown at the edge of the figure. The sand is
predominantly quartz with small portions of other rock fragments. A reddish clay containing

ides of iron often fills the interstices in the quartz and other rock. The guartz material is
quite rounded.

VOID RATIOS

The maximam void ratic was determined by plicing the sand in a 1/80-cubic foot mold
through a 1/2-inch~inside diameter funnel held close to the surface of the sand. Three trials
produced an average density of 95 pcf. The specific gravity of the sand grains is 2.87, so the
maximum void ratio is about 0,75,

The minimum void ratio was determined in the following manner. The sand was placed
in a 1/30-cubic foot mold in two layers, Each layer was compacted by 30 blows of a drop
hammer weighing 10 pounds and failing 18 Inches on a 2-inch-dlameter base. Two trials
produced an average density of 113,9 pcf, or a minimum vold ratio of 0. 46.

TRIAXIAL COMPRESSION TESTS

Table B-~1 presents the results of drained triaxial compres.ion tests performed on
specimens of the backfill sand. Tests N-1 through N-4 were performed at NCEL, and Tesats
A-1 through A.3 were conducted at the University of Alberta, by Dr, E. W. Brooker. The
relatively low friction angles are primarily attributable to the large portion of rounded quartz
particles contained in the backfili matersal.

SIEVING APPARATUS CALIBRATIONS

Orne multipie-unit sfeving appiratus and a Toledo platform scale {2,000 b capacity)
weve shipped to the test site at the sufffeld Experimertal Station. Ome of the sieving units was
used for calibration purposes prior tn any backfiiling uperation. The unit was suspended from
a truck A frame and centerad over the segmented box placed on the Toledo scale. The bottom
of the inverted funnel was located 3¢ tnches from the bottom of the 36- by 38« by 18«inch- high
scgmented box, The vertical dista. ce from the urifice in the barrei to the wottom of the
inverted sieve funnei was 5 feet. Sard was sleved into the segmented box n d distributed
evenly bty slowly moving the funnel in lateral directions from its initial position.

This procedure resulted in sand drop distances from 36 incheas tc 18 inches. Subsequent
density calculations reveajed that, for this granular material, there was no siznlficant
varfation {n density for the range of drop distances. The averzze denkity outalned was
110.8 pcf ur a relative density of (i, 83,

A second cajtbratioa was performed in the same manner after the backfilling had been
compited. The average density obtained was 118.8 pcf.
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Figure B-6. Microphotograph of SES sand grains.
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Table B-1. Results of Triaxial Compreasion Tests

o | S | IS | mame | TS| mowm |,
{psi) (in, /min) (deg) (pst)

N-1 10 0.026 0,53 35.1 4, 000 Alr dry

N-2 [ 18 5.025 0,55 34.4 3, 200 Air dry

N-3 20 0.025 0.68 3¢.1 6, 500 Afr dry

N-4 20 0.025 0.70 34.1 5, 300 Alr dry

A-1 40 0.043 0.41 34.1: 1.5 . 5.07% moisture
A-2 8O 0,040 0.45 34.1% 1.5 - 5.07% moisture
A-3 120 0.049 0.31 34.12 1.5 cne 5.07% moisture

SAND AND ACH PLACEMENT

The plan view ot Project 3.4 (Figure 2} shows the locations of the excavated pits. The
stockpile of sand was placed west of and adjacent to the pits so that the truck-mounted crane
used to support, transport, and position the multiple-unfi sieving apparatus could conveniently
swing from the stockpile to the pit locations,

The field sieving operation required five men: thres to distribute the sand fiow from
each of the three sieving units, one tc operate all of the sieve control valves, and a crane
operator to insure that no malfunction endangsred the sand placement crew. The crane
transported the apparatus to the stockpile where sand was placed into the sieving units with
shovels. The units were then moved into place above the pit te be backfilied at a sand drop
distance of 30 inches. The sand distribution and valve operation was directed to maintain a
ievel sand s .rface during construction cf the fill. When the units were emptied, they were
returned to the stockpile for retfiliing. Abeut 0.7 yard of sand was placed in sach 20-minute
cycle, 80 all of the pits could be filled in 30 hours.

In order ‘o prevent disturbance to the structure of the sand placed in the pits, the
fullowing fill-and-trim method of bedding the arch footings was devised. After the surface of
the sand had been brought to an elevation slightly below the level of the arch footings, tkin
angle iron supporis were driven vertically into tho piaced sand, remote from the ultimate
footing locations. These angles supported trimming guides, stiff horizontal angle irons
connected between the vertical supports and running parallel to the major axis of the arch.

Fach of the vertical supports of the resulting H-shaped frame was then driven until the top
surfaces of the trimming guides coincided with the plane of the arch footings. Additionai sand
was placed until the surface was slightly above this plane. A flat stainless steel blade,
spanning the horizontal distance between and resting on the trimming guides, then was used to
cut the bedding surface for the arch footings. Small plate-bearing testa were conducted on the
trimmed sand surface between the trimming guides as described in & subsequent section of
this appendix.

Two H {rames were used for the small arches and three were used for the large arches.
The center H frame was removed and the arch was set into its predetermined position before
the exterior H frames were carefully pulled from the sand. Sand was placed interior to the

L Semre mlorvsssnad N el o mallae o A4
large arches, up to the slevation of the bottom of the foating plywood flcoring, by pouring il

from a ca.niater attached to a 2-foot-long handle and painstakingly leveling the surface with a
wooden screed.
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The flooring was piaced inside the arches, the instrumeniation was connected, and the
end walitr, with sedls to prevent the infiltration of sand, were attached to the arches before the
backfiliing operation was continued.

The primary concern in placing sand around and over the semicircular steel arches was
that the sieved =a7g grains should not strike .ie metal arch, slide over its surface, and inipact
the sand surface at low velocity. Such an action weuld seriovsly alter the condition of the sand
near the sind-arch inierface. The operators carefully distributed gand from the steving
spparatus so that only the edge of the fall patiern struck the steel arch. This method of
distribution produced 2 sand surface which was slightly concave downward toward the arch and
its end walls during bacidilling to the elevation of the crown of the arch. The density of the
sand for a few mean sand grain diameters from the arch {s probably somewhsat lass than that
obtaineq during calibration of the sisving apparatus. Sand was placed over the arch {0 an
slevation Z inches below final grade, a plastic membrane was placed over the entire sand
surface, and the backfill was brought up to grade.

Certain difficulties, mistakes, and mishaps occurred durine the backfilling operations.
Weather conditions at the Suffield Experimental Station presented one difficulty: the
unseasonable rains, a hail storm, and the winds in particular. Figure B-7 is a plot of the mean
hourly wind velocities recorded at a height of 2 meters above the ground for the month of May
during the years from 1855 through 1958, The early moraing hours, the time of least winds,
were utilized for placement of the backfill sand because the trajectories and random
distribution of the {ree falling sand grains from the sieving apparatus were biased by horizontal
wind currents. Four-foot-high plywood windbreaks were erected windward of the pits being
backfilled whenever wind-induced segregation effects were noted. The pit for arch CA-3 was
overfilled 2 inches 20 the backfill had to be excavated 4 inches, a new plastic membrane
installed, and the fili brought up to the proper elevation. The backflll sand in arch pits
CA-10, 11, and 12 was wetted during a rainstorm and was replaced before these archee were
positioned. The backfill over and around arch CA-2 contained a small portion of saiit particles
up to € mm, because it was obtained from a stockpile placed on the ground surface; the original
stockpile had become wetted due to deterioration of the covering plastic sheeting. The funnel
sieves were often piugged by these particles during the sieving operation around and over
arch CA-2. The truck-mounted crane dropped the multiple-unit sieving apparatus on two
occasions during transport, but there were no perscnnel injuries during the entire backfilling
operation.

SMALL PLATE- BEARING TESTS

Plate-bearing tests were conducted on the trimmed backfill surface to determine the
initial modulus of the sand at the footing elevation of arches CA-1, CA-2, and CA-3. A
schematic representation of the small plate-bearing device fabricated at NCEL is shown in
Figure B-%. Reference 5 indicates that the fallure load of this footing would be slightly more
than 5 psi for a friction ang'e of 36 degrees, so only 13 of the 28 avallable weights were
needed to perform the tests,

Four tests were performed in each pit at a position ir line with the major axis of the
arch footings and about 9 inches from the ends of the footings. The dial gage support frame
was anchored to the trimming guides and the plate-bearing plunger was positioned on the sand
surface under the gage operating shatt. The gage was then firmly secured and a preload of
0.8 pai was applied to the plate by adding steel weights to the top of the plate. Load-settlement
data were recorded as additional weights were added. A typical load-settlement plot for arch
pit CA-3 is given in Figure B-9.
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Figure B-8. Small plate-bearing device.
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Figure B-9. Small plate-bearing tests on pit for arch CA-3.
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Appendix C
INSTRUMENTATION
oy
1. M, Derr and D. H. Johnson

INTRODUCTION

This appendix describes the electronic equipment and calibration procedures for
Project 3.4. Thirty-six channeis of instrumentation were provided to medsure pressure,
strain, deflection, velocity, and acceleration. The amplifying, recording, control, logic, and
measuring systems are desc.ibed, and the characteristics of the various tranaducers, their
placement, and the method of caiibration are outlined. Mechanicai backup medsurements were

made wherever practicable and the nature of the backup measurements is explained. A
schematic biock diagram of the system is shown in Figure C-1.

RECORDING EQUIPMENT
Characteristics of Recording System

All electronic measurements were made with Consolidited Electrodynamic Corporation
System D recording equipment with CEC Model 5-114-P4, 18-channel osclliogrophs. The
components of System D, shown in Figure C-2, are: (1) a power supply to furnish DC and
filament voltages to carrier amplifiers plus 3 k¢, 10 volts rms for gage excitation, and
{2) bridge amplifiers that provide uniform ampiification of signals from the bridge, compensate
for resistive and reactive unbalance in the pickup and its connecting cable, and demodulate
the 3 kc carrier,

Specifications of the bridge amplifiers are:

1. Fuli-scale ocutput: + 5 ma into a 24-ohn: load, corresponding to a 4-inch double
amplitude galvanometer trace deflection using a CEC type 7-323 galvanometer.

2. Sensitivity for maximum output: 1 mv, with no aitenuation; 1 v maximum, with
full attenuation.

3. Input impedance: approximately 1,800 ohms.
4. Input attenuator: 20 steps, 1 to 1,000, and off,
5. The bridge balance system will accommodate:
&. A four-arm bridge composed of wire strain gages or other resistive elements -
each element 120 to 500 ohms, with maximum bridge untelance of 85 mv for
10 v across the bridge.
b. A two-arm variable reluctance pickup suitable for use at 3 kc.
8. Controls provide:
a. Phase balance.
b. Amplitude balance.

¢. Reference voltage phase control.




d. Galvanometer off-on switch.
«. Calibrate +» and - switch.

f. Balance operate switch.

g. Attenuation.

7. Linearity: Output current is proportional to the input voltage within I pereent of
maximum output.

8. Frequency response: Galvanometer trace ampiitude & 2 percent for modulating
frequencies irom 0 to 600 cps, when connected to a CEC 7-333 galvanometer.

8. Output impedance: 1,000 ohms.

CONTROL EQUIPMENT
Logic Units

The primary function of the logic units is to accept remote field timing relay closure
commands to cycle the System D. Magnetic Research Company, Inc., Model 363-9 logic units
were empioyed. These units are designed especlally for use with CEC System D in conjunction
with Magnetic Research Coupling Modules, Model 362-2.

The commands and responses for Project 3.4 were:

Command Ciosure Response
<30 minutes Turn on power to system for warmup.
-i5 minutes
(backup)
-10 seconds 1. Start oscillograph drive.
- 5 seccnds 2. 50-percent calibration elep on.
{backup) 3. 100-percent calibration step on.
4. Calibration off.
5. Data recording.
8. .J-percent calibration step on.
7. 100-percent calibraiion step on.
8, Calibration off.
9. Stop oaclllograph.

10. Turn off warmup power.

Each ~alibration step is about 1 second long and the data run between preshot and
postshot calibrations lasts about 30.67 seconds. Before the signal is received to start the
paper drive, there is the possibility that the warmup power might be turned off by the removal
of the -30 minute and - 15 minute timing signal. Thia could result in the loss of a record;
thus, to preclude such a possibility, latching relays were installed with each iogic unit to
provide continuous closure if the timing signals should fajl. An advantage of using latching
relays is the ability to cycle the logic units independently during preshot tests without
removing cables.

Once the paper drive signal has been received, the unit is "locked"” into a compiete
sequence cycle. This eliminates the possibility of shock opening a relay and turning the
system off during the data recording period.

The logic units will operate on either 115-volt AC, 60-cps power, or #4- to 38-volt DC
power. They will not respond, however to the paper start command uniess 113 volts AC is
supplied. When the units are battery operated, the AC power is furnished by converters
operating from 24-volt batteries.
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Power Backup

U the 115 .volt AC powar should fall, an auvtomatic switchover o ¥4-volt DC gperation
will oecur. This is accomplished with an NCEL designed sensing and awitching unit. When
the AC from the power mains exceeds 125 voltz or falls bejow 105 volits, che swiichover io
baitery operaied converiers occurs. Sullicient batieries were instaiisd for | hour of
operation, with an auxiliary set on standby fou gquick connection, Y they were nweded,

The 24-voil DC to 115-volt AC converters used were Carter Model T 1050 CP. These
davices ars capable of continuously suppiying 50 waits of AC power.

Timing Marks

jdentical Hming marks were placed on each osciliograph record with g timing generaior
denigned and bullt at NCEL. A timing mark occurs sach 1/100th of a second. The mark for
ach 1/10th of a secand is twice the amplitude of the 1/100th second mark. This assures time
correlation of the four oscillographs. An additional time correlation i8 provicded by the
application of a detonation zeroc time pulse which occurs at the time power 18 applied to
detonate the explosive charge.

Phase Locking Carrier Power Suppiies

When more than one carrier powsr supply is used in @ common measurement system,
there t8 the possibility of an undesirable sinusoidal pickup in the signal leads. The frequency
of this pickup is the difference between carrier irequencies. The procedure recommended by
CEC for eliminating such pickup i8 *c use slaving connections between power supplies. By
tals method, only one oscilintor generates thz currier frequency while the reinaining units
cperate as "'slave'' amnlifiers. The disadvantage of this method iz that a failure of the master
omcillator resuits in fatlure of all carrler voltages and consequent lass of data on aii channels.

To overcome the latter problem, a 0,005 mfd capacitor was connected from a common
buis to pin 1 of the slaving terminal of each oscillator power supply. With this method, taere
iz sufficlent coupling to obtain phase locking when ali oscillators are allowed to operate. I
one oaciliator should fail, there would be a 39-percent decrease in carrier voitage with a
resulting 20-percent decrcase in data trace amplitude. There also wouid be & 20-percent
uecrease in calibration trace amplitude, therefore, the corresponding correction factor could
be applicd to obtajin valid data.

Coupling Units

Eifects measurements from high-explosive field tests cften require long transducer
cables and a variety of transducers with various electrica: characteristice. These conditions
create a requiremeit {or a broad range of controj for electrically phasing und balancing of
transducer signals. In addition, with the CEC System D, « moibod is needed for remote
calibration. The coupling unit used was designed by BRL to fulfili these requirements.

The functions of the coupling units are to provide:

1. Local and remcte control of electrical calibration.

2. Auxiliary transducer zero balance control.

3. Contrcls for phase and, thus, deflection reversal of transducer and caltbration
signais.

4. Optional oscillator power supply isvlation from the transducers,
5.  Vernier signal attenuation.
8.  Soiderlesas mounting for phase aliering and shunat calibration elements,

7. Carrier and signal monjtoring points,
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TRANSDUC ERS

The deflection, strain, velocity, and acceleration gages discusaed in the following
paragraphs sre shown in pesition, as they were mounted, in Figure C-3,

Pressure Gages

The overpresisurs gages smploved were Wiancks Type 3PADINE, Specifications of the
gages are:

1. Maximum pressure: 130 percent of range.

2. Linearity; 0.5 percent or less of preasure range.
3. Hysteresia: 0.5 percent of pressure.

4. Resclution: continuous.

5. Rise time 100 t; 300 microseconds.

6. Natural frequency: 1,000 to 4, 000 cps.

-

7. Acceleration sensitivity: 0.01 percent to 0.05 perceni of range per g of
acceleration depending on application.

8. Compensated temperature range: -35 Fto +180 F,
8. Zero drift with temperature: less than 2 parcent of range over 100 F.
10. Sensitivity change with temperature: less than 2 percent of range over 100 ¥,

Deflecticn Transducers

The deflection transducere used were: one Bourns Alignopot Model 156, Part Number
15620-0-2. 5-103, and two Bourns Model 108 Linear-Motion Potentlometers, Part Number
10820-0-131-163. Allgnopot Model 133 has a total useful deflection range of 2.5 inches and
has a ball and socket at the shaft entry point to prevernt shaft binding, if the shaft and body
should not be aligned due to a transverse movement of one with respect to the other. The
Model 108 potentiometers have a useful measurement range of 1.31 Inches. Both units, of
10,000 ohmes resistance, were counected irnto a bridge circuit to make them compatible with
the System D equipment. A skstch of the circuit is shown in Figure C-4. Resolution is
limited only by the diameter ¢! the wire used in winding the linear resistance element which,
in these two modeis, 15 17 mias.

Strain Gages

The strain gages used were "'Denfoll” type, die-cut foil, manufaciured by Dentronics,
Incorporated. These gagee have a resistance of 120 ohma with a tolerance of #0.3 ohm and a
gage fuctor of 2.07 ¢ 1 percent. The gagee are sell-compansated for stainless steel to
withir 20 microinches Indicated strain over the tempersture range of 45 Fito 128 F, and
within 10 microinches from 60 F to 110 F. Gage factor variation with tempersture is loss
than 0.01 percent per degree F. Overall dimensions of the gage, including backing, are
11/18 by 3/8 tnch; dimensions of the active element are 0.25 by 0.29 inch.

The gages were cemented with Exstman 910 cement after first roughing the back of the
gage with a samall fiber glass brush. Subsequently, the gages were waterproofed with
petrocene wax und a layer of electric tape, both of which then were covered with bleck Tan-X
seaiing compound, manufactured by Electro Cote Company.
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Figure C-3. View of gages near footing.
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Figure C-4. Schematic of bridge circuft.




Velocity Gages

Measurement of velocity of the arch footings and of two points in the free Held were made
with Stanford Research Instituie (SR} Mark O velocity gages., These gages operate on the
principle of an over-damped accelerometer. A hinged thin piate, suspended in ofl, is forced
through the oil by any acceleration in the vertical direction. A restoring spring compensates
for the normal gravitational forces acting on the plate. The transducer slement of the system
is a Wiancko variabie reluctance gage; brackets atizched to the plate change the reluctance
between two cofl assemblies as the plate moves through the viacous oli.

The SRI velocity gage is designed to operate at velocities of I to 60 %t/sec where the
pulse duraticn is 10 maec or more, Sensitivity changes 1 percent per degree F; therelore,

a sensitivity check is necessary before each test.

The gage operates on a carrier of up to 20 volta at 5 ke. In the Project 3.4 test, »
carrier of 10 volts at 3 ke was used. Dimensions of the velocity gage are 1.5 inches in
diameter by 3,825 inches in langth; the gage weight 15 480 grams. Thoae gages in the free
field were encased in 4- by 4- by 3. 6~inch blocks of foamed cement to match the density and
to approximate the stiffness of the gages to the density of the surrounding soil.

Accelerometers

The accelerometers employed were Endevco Corporation Model A-2260-250-10. The
acceleromasters have & four, active-arm, bridge-sensing element which uses plezoresistive
sirain gages. The riated range of the units is 250 g and they can withetand £750 g or
200-percent overload for limited periods. Freguency response is from 0 to 2, 000 cps with
+0, 5-percent deviation at 1 000 cps and 3. 0-percent deviation at 2,000 cps. Sensitivity is
approximataly 1.25 mv per ¢ acceleration. Dimensions of the unit are 0.615 inch in dizmeter
and 1. 10 inches in height. Deviation of sensitivity with temperature is less than 1 percent
from 32 F to 125 F. To obtain high accuracy at low accelerations, 5 minutes of warrup time
should be aliowed to permit thermal transients to disappear. Also, these gages should be
operated at the rated 10 volts excitation. The weight of one accelerometer in 35 grams.

Measurement Errors

Errors associated with varicous components of the measurement system are as follows:

Component cr Function M
Aniplifier 2
Galvanometer 2
Readout 1
Transducer:

Pressure 0.5
Deflection 0.8
Strain 0.5
Velocity 3
Acceleration 0.5 at 1, 000 cpa
Caltbration H

These errors are, cumulatively, loss than the variations expected from one sxperimental
setup to the next for soil-structure systems. Thus, even under the most unfavorable
circumstances, the precision of the measurements is quite satisfictory for the type of test
invoived.
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Calibration of Transducers

Pressure es. The Wlancko pressure transducers were calibrated in 20.percent
increments to 140 percent of the estimated maximum pressure by ioading with a static
pressure. A calitration resistor was used in the circuit to determine any changs in system
snsitivity betwesn calibration and fest.

Linear Deflection % . The Bourns linear potentiometers were calibrated in
AN-percent increments to 140 percent of entirmated maximum deflection by using 2 micrometer
mountod In & speécially designed rack. A calibration resistor was chosen to give a deflection

equal to approximately the deflection expected at the time of test, and the ratios of calibration
and tast deflactions ware usod to determine the system sensiiivity.

Strain %n. The Denioii foll strain gages were calibrated by placing a 100, 000-chm
precision resistor across one arm of ekch four-arm strain bridge, simulating a strain of

800 microinches per inch. A calihrating resistor was placed in the coupling unit and the trace
relationship at time of calibration and tesi determined changes in system sensitivity.

Veloc ages. Calibration of the velocity grnges was achisved by pulling the hinged
plates sp tension with a solenoid and then letting the plate drop with both the
restoring force of the apring and natural gravitational forces acting on it, thereby producing
a combined force of 2 g's. A record was taken sensitivity was determined as trace
deflection duri.g ! second divided by 64.4 [t/sec®. A caiibrating resistor also was placed in
the coupling unit ”Rnd a record was taken at the time of the test, thus giving the relationship
of the sensitivities of the amplifier circuit.

To detect changes in viscosity of the damping oil, a record was made of the time it tock
for the plate to move from & point where it had maximum spring tension to its at-rest position.
A record was taken at the time of calibration and just prior to the time of test. Log amplitude
versus time from these traces were plotted and the relationahip of their slopes determined
the change of sensitivity of the gage.

Accelerometers. Endevco acceleromseters were calibrated in 20-percent increments to
140 percent of the estimated maximum acceleration using a Schavitz rotary accelerator. A
resistor was placed in the coupling unit that caused a trace deflection equal to the deflection
of approximately 100 percent of the maximum acceleration. The ratio between the trace
deflection at calibration and at the time of test, when this resistor was placed across one arm
of the bridge, determined the change in the sensitivity of the ampiifier,
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Appendix D

OSCILLOGRAMS AND S8CRATCF. TRACES
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Figure D-1.
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Figure D-4. Strain data from oscillogram.
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